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The aim of the research was to find ways in the production of the case company as to 
how an extrusion process could be improved towards a closed-loop system. The primary 
goal was to find methods how the undesired output, plastic waste or scrap, could be 
eliminated. The Group’s target is to decrease the scrap percentage to 7.5 % (in the year 
2015 it was 10.06 %). The secondary target was to study how scrap could be recycled 
inside the factory to valuable input, regrind. 
The current state of the core company was studied through participant and non-
participant observation, through interviews and the analysis of the ERP- and BI-
programs and also by working short periods in the production. Observation continued 
during the research and meant taking part in morning meetings and observing other dai-
ly operations. Numerical data showed the efficiency of the current extrusion process. 
Working in the production made it possible to see the production process from inside. 
The interviews and the analysis helped to discover the main development issues in the 
current state.  
Literature was used for surveying the requirements for the closed-loop system, for the 
concept of process-orientated thinking, elements of extrusion and for the study of plas-
tics recycling. The literature about Lean-Philosophy was also important for this re-
search. 
The most important results of the research concern development issues and recommen-
dations of the raw material purchase, inventory and material management, the produc-
tion process, recycling, information flows and daily management. Main problems were 
related to the lack of systematic and studied methods. Also the use of regrind requires 
scientifically studied and tested ratios, because its mechanical and processing properties 
(for instance MFI and bulk density) change during recycling. It was also noted that the 
performance of employees affects strongly the performance of the extrusion process due 
to its manual nature. The first recommendation is to correct issues relating to the 
sources of scrap because biggest financial benefits are related to it. Also the study on 
regrind ratios should start as soon as possible. This may require forming a project team 
due to the extent of the topic. The secondary proposal is to carry out issues that facilitate 
recycling and help to achieve a closed-loop system. 
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Diplomityön päätavoitteena oli löytää keinoja kohde yrityksen tuotantoon, joilla ekst-
ruusioprosessia voitaisiin kehittää muovimateriaalinkierron osalta suljetummaksi. Tar-
koituksena oli ensisijaisesti löytää menetelmiä, kuinka prosessin ei-haluttua tuotosta eli 
muovijätettä voitaisiin eliminoida. Konsernin tavoitteena on laskea syntyvän hukan 
määrä 7,5 %:iin (vuonna 2015 10,06 %). Sekundaarisena tavoitteena, oli tutkia kuinka 
tehtaan sisäisesti muovijäte voitaisiin laadukkaasti ja mahdollisimman suurella prosent-
tiosuudella kierrättää takaisin arvoa tuottavaksi syötteeksi. 
Kohdeyrityksen nykytilaa tutkittiin osallistuvalla ja ei-osallistuvalla havainnoilla, haas-
tatteluilla, analysoimalla ja seuraamalla ERP- ja BI-järjestelmiä, sekä työskentelemällä 
lyhyitä jaksoja tuotannossa. Havainnointi jatkui koko tutkimuksen ajan ja tarkoitti päi-
vittäisiin aamupalavereihin osallistumista sekä muiden operaatioiden seuraamista. Nu-
meerinen data tietojärjestelmistä antoi prosessin nykyisen hyötysuhteen. Työskentely 
tutkimuksen alussa auttoi näkemään prosessia sisältä.  Haastattelujen ja niiden analyysi-
en avulla saatiin karkea tärkeimmät kehitysalueet nykytilassa.  
Kirjallisuutta sovellettiin kartoitettaessa suljetun materiaalikierron vaatimuksia ja tutkit-
taessa prosessiorientoitunutta ajattelua, ekstruusiota, ja muovien kierrätystä tehtaan si-
sällä. Myös kirjallisuus Lean-filosofiasta oli tärkeässä roolissa. 
Tutkimuksen tärkeimmät tulokset ovat kehitysalueet ja suosituksen näiden ratkaisemi-
seen materiaalinhankinnan, materiaalin- ja varastonhallinnan, tuotantoprosessin, kierrä-
tyksen, informaatiovirtojen ja arkipäiväisen johtamisen osalta. Suurimmat tämän hetki-
set ongelmat liittyivät systemaattisten ja tutkittujen toimintatapojen puutteeseen. Myös 
muovirouheen käyttö tarvitsee tarkemmin määritellyt ja hyväksi todistetut syöttösuhteet, 
koska kierrätyksen aikana sen mekaaniset ja prosessointiominaisuudet muuttuvat esi-
merkiksi sulaindeksin ja tiheyden osalta. Huomattiin myös, että työntekijöiden suoriu-
tumisella on suuri merkitys ekstruusioprosessin onnistumisen kannalta sen manuaalisen 
luonteen vuoksi. Ensisijainen jatkosuositus on korjata tekijät, jotka aiheuttavat hukka-
muovia, koska tähän liittyvät suurimmat taloudelliset hyödyt. Myös muovirouheen käy-
tön lähempi tutkiminen tulisi aloittaa mahdollisimman pian. Tämä voi vaatia aiheen 
laajuuden vuoksi tutkimustiimin. Seuraavana jatkosuosituksen on korjata asiat, jotka 
edesauttavat suljetun materiaalikierron ja kierrätyksen toteutumista. 
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LIST OF ABBREVIATIONS AND TERMS 
ABS Acrylonitrile Butadiene Styrene 
BOM Bill of Materials 
ERP Enterprise Resource Program  
FIFO First In First Out 
HDPE High-Density Polyethylene  
JIT Just-In-Time 
L/D Length/Diameter  
LDPE Low-Density Polyethylene 
LLDPE Linear Low-Density Polyethylene 
MFI Melt Flow Index 
MTO Make to Order 
NPV Net Present Value 
PC Polycarbonate 
PE Polyethylene 
PMMA Polymethyl methacrylate 
PP Polypropylene 
PS Polystyrene 
PVC Polyvinyl chloride 
PVC-P Plasticized Polyvinyl Chloride 
PVC-R Recycled Polyvinyl Chloride 
SMED Single-Minute Exchange of Die 
SOP Standard Operating Procedures 
TPS Toyota Production System 
UPC Universal Product Code  
PVC-U Rigid Polyvinyl Chloride 
WIP Work in Process 
 
Additive Functional or non-functional, used to modify properties 
of plastic 
Amorphous Unorganized structure of polymer 
Channel The space between barrel walls and a screw 
Chemical recycling  Break-down of plastic to its components by using sol-
vents and other chemicals 
Compression ratio Depth of a feed zone per depth of a metering zone 
Cooling bath A step of extrusion process after an extruder where a hot 
product is cooled down in the water 
Crystalline Organized structure of polymer 
Die Part of extrusion process where melt is pushed to form 
viii 
Glass transition temperature Above it amorphous polymer changes from solid to 
leather like  
Hopper An opening through which material is fed to the extruder 
Hydroscopic Material that absorb moisture from the air 
ISO 14001  Environmental managing standard 
Jidoka Automation with a human touch that detects defects 
Kanban A method of managing production, underpins JIT 
Lean A strategy with a goal give maximum value to the cus-
tomers, make processes flow and eliminate waste 
Little's law Tautology; work in process is equal to the product of 
throughput and cycle time 
Masterbatch Concentrated mixture of the base polymer and additive 
Mechanical recycling Separation, cleaning and shredding of plastic for re-using   
Molecular weight The mass of a molecule 
Pitch The distance between two consecutive flights in extru-
sion screw 
Polydispersity index The molecular weight distribution of polymers 
Post-consumer waste Waste from consumer after the use of a product 
Pre-consumer waste Waste from manufacturing, post-production waste 
Process A collection of activities to produce from input(s) to de-
sired output(s) 
Quality A measure of how well a product or service meets cus-
tomer expectations 
Regrind Usually mechanically recycled plastic made for re-
processing 
Scrap  Waste material from plastic production 
Screw The part of extruder where polymer is mixed, heated and 
conveyed forward 
Stabilizer Reduce decomposition effects of plastic 
Takt-time The rate of production to meet customer demand 
Temperature zone Areas in the extruder that give external heat for melting 
of polymer 
Thermoplastic Can be moulded multiple times, reversible response to 
cyclic temperature 
Thermoset Can be moulded only once, heating after the final struc-
ture causes degradation 
Value chain A chain of activities that have to be performed to deliver 
a valuable product or service for the market 
Viscosity A fluid's resistance to flow 
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1. INTRODUCTION 
Creating value for the customer is the key of any enterprise. In manufacturing industry 
often the core process where the value is physically created is a production which cre-
ates from input (raw materials, knowledge, labour hours and energy) desired (products) 
and undesired (waste) outputs. In a Finnish business environment, where achieving cost 
competitiveness is challenging, getting a high flow- and resource efficiency becomes a 
major factor to maximise share of the valuable output of the process. Especially in the 
case of plastic industry where material costs can cover over half of the total product 
costs, achieving a good material efficiency is necessary. At the same time changes in the 
legislative environment push companies to act according to sustainable development. 
Thus, companies experience challenges of the efficient use of material resources. Clos-
ing the materials loop is an effective answer. The closed-loop system means perfect use 
of resources; input is entirely turned into desired output and if waste is formed, it is 
turned back to input.  
1.1 Background 
The case company and the customer of the research is a Finnish plastic manufacturer 
which belongs to a global Group. It has three units in Finland; a production unit in 
Western Finland, an internal raw material preparation unit in Southern Finland and a 
secondary operation unit also in Southern Finland. The production method is an extru-
sion, which is a continuous process that pushes melted plastic raw materials through a 
tool with a certain cross-section profiles, pipes, bars and other in the longitudinal direc-
tion uniform shapes. The success of the extrusion process depends strongly on the com-
patibility between melts rheological behaviour and set conditions, equipment and ma-
chine.  
In the year 2014 the case company used over 1 660 tonnes plastics raw material (in the 
year 2015 corresponding value was 1 584 tonnes) that covers circa 79% of the total ma-
terials input which was 2 104 tonnes (packing materials, metals, plastics). Of that input, 
86 % was processed to products and 14 % was undesired output. This consists of land-
fill waste (4 %), combustible waste (1 %), regrind sold as secondary raw material (3 %) 
and made regrind to the own process (6 %). The landfill waste is the most undesired 
share because it consists mostly of PVC that is classified as organic waste. According to 
the Finnish Waste Law’s Act 331/2013, placing organic waste (the concentration of 
carbon more than 15 %) to the landfill is forbidden. Finding ways to reduce the share of 
waste is important also from the financial point of view, because for instance 2014 the 
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total lost value in the form of plastic waste was over 300 t€, when the value of virgin 
raw material, landfill and combustible waste costs and poor income on sold regrind had 
been taken into account (see the Chapter 5.1.2 Waste).    
The research has been enabled by a scholarship by TTY Foundation. It is carried out as 
part of the Master’s Thesis of Materials Science-program in Tampere University of 
Technology.  
1.2 Objective 
The research problem of this master’s thesis is to find ways for the case company how 
material usage can be turned into a more closed system. Made plastic waste, scrap, can 
be mechanically recycled to regrind. The primary target is to reduce non-valuable waste 
material output of the extrusion process and the secondary target is to increase the use 
of regrind as a value creating output. In the year 2015 the actual scrap percentage was 
10.06 % (planned 8.12 %), the weight of scrap almost 160 tonnes and the actual scrap 
value circa 290 t€. The Group’s target is to reduce the scrap percentage to 7.50 % which 
means 71 t€ savings in material costs when compared to the actual scrap percentage. 
Even more optimistic scrap level 5.00 % would instead mean 144 t€ savings (see Chap-
ter 6.4.2 Scrap and Made Regrind). The total cost impact is even bigger when taking 
landfill costs, labour hours and other incurred costs into account. The aim of the re-
search was to outline concrete methods that support achieving the set numerical targets 
for the scrap level and help to raise a material efficiency by closing the materials loop.  
Regrind differs from virgin plastic raw materials by processing conditions, rheological 
properties, morphological properties and thermal- and mechanical properties of the end 
product. Determining the common problems when used recycled plastic materials and 
finding factors affecting the recyclability should be covered at least in the theory chap-
ters. In addition to material related issues considering the effect of information flows, 
commitment of employees and attitudes were in the scope because they also have an 
impact on formation of scrap and on the use of regrind.   
The company has tried to solve the issue related to the use of regrind for years but with-
out a real breakthrough. This is why one criterion, when measuring the success of the 
research, is to look at the process in a fresh light. Self-evident results like the role of 
better tools in generating scrap are ignored and the aim is to find partly hidden factors in 
the process.  
1.3 Scope and Structure of the Research  
With regards to a flow unit (plastic raw materials) the research is limited to cover issues 
from the raw material purchase to production. Scope of the research has been visualized 
in Figure 1. Research and development (R&D), sales of products and other financial 
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management were not included. R&D can affect the recyclability of the product espe-
cially in the long-term but due to a huge area of the study and the talented project man-
ager in the company; it was not considered necessary to use resources in this area. Also, 
in this research closing the loop of post-customer waste was not studied. The research 
problem has been divided into smaller areas according to the value chain; raw material 
purchase, inventory- and material management, extrusion of established and new prod-
ucts and maintenance, quality control and recycling. In addition to material flows, also 
information flows and a daily floor level management and commitment of employees 
has been studied.  
 
  
Figure 1 The focus and scope of the research 
When the research started, it was not clear what things in each area affect the formation 
of scrap and the use regrind. The overall picture was achieved through participant- and 
non-participant observation, working in the production and getting numerical data about 
the efficiency of the current extrusion process (inputs and outputs). Interviews were 
performed in order to find out which topics to pursue. This was done because employ-
ees from different areas around the research problem had a lot practical experience and 
the research time was relatively short. Collected data was compared to literature about 
the processes, Lean, extrusion and recycling. Recommendations were based on all col-
lected observations, interviews and literature. Lean was chosen as the main perspective 
and method because it was introduced in the company a few years ago. It has also a 
strong connection to process-orientated thinking and the closed-loop system, due to the 
aim of both concepts being to reduce valueless waste. 
Due to the process nature of extrusion and observed symptoms of broken processes 
Chapter 2 covers process theory and effective control of the process. Fundamentally 
also a closed-loop system is a strategy of perfectly controlled flows inside the process. 
Process mapping is considered to give tools how process observation could be done 
better. Measuring the process performance is important in order to get a picture of the 
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current performance and what should be done to achieve a more closed materials loop. 
Theory of Lean-philosophy covers two main flows inside a process; information and 
material flow. In the end of Chapter 2 the theory of the closed-loop system gathers, in 
addition to what was previously learned, things needed for achieving a closed-loop sys-
tem. At last but not least the role of employees is reviewed. Without their commitment 
any improvement changes will fall back to as they were. Their role is significant espe-
cially in extrusion, because due to its mostly manual nature in the current case process, 
the performance is strongly dependent on their performance.   
Any defect in material or equipment is possible source of scrap. To be able to achieve a 
closed-loop system and process high quality products with a low scrap level, knowledge 
about equipment and materials is required. Chapter 3 discusses these issues. Systematic 
troubleshooting is maybe the most critical step regarding scrap and extrusion problems 
and can also have huge financial impacts. Down-times and off-quality products are nec-
essary to be able to diagnose quickly when extrusion develops a problem. At the end of 
Chapter 3 the use of recycled plastics and common problems related to them are 
viewed. This gives also a theoretical base as to how regrind should be re-used in the 
extrusion process. 
Chapter 4 discusses the used research methods more closely and explains for instance 
how interviews were carried out. Theme interviews were the most important source of 
information about the current state because of the relative short observation time.  
Chapter 5 lists the observed issues around previously mentioned topics (raw material 
purchase, inventory and material management, production process, recycling, infor-
mation flows and managing and people). Overall, the main problems were caused by the 
lack of systematic and studied approaches. Also daily management, commitment of 
employees and the attitudes affected the process performance, the amount of generated 
scrap and used regrind relatively much.  
Chapter 6 gives suggestions and example solutions to previously mentioned issues. 
Conclusion summarises the content from previous chapters, lists possible sources for 
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2. CONCEPTS OF PROCESSES, LEAN-
PHILOSOPHY AND A CLOSED-LOOP SYSTEM 
A closed-loop system or circular economy is often studied with a view to environmental 
benefits but relatively less with regards to enterprise. However, it can produce great 
value also to the enterprise due to a higher material productivity, saved waste taxes and 
increased value to the customer. Fundamentally it is a strategy that means perfectly con-
trolled flows inside the process; input is fully utilized due to the fact that only desired 
valuable output without leakages is generated and if undesired output is formed, it is 
transformed back to input. The closed-loop system is not easy to achieve because it re-
quires a thorough knowledge about core and support processes inside the factory, pre-
cisely determined material and information flows, good integration with other steps in 
the value chain and committed employees (operators). 
The area of the study is a plastic extrusion process which consists of a raw material in-
put and a plastic profile/pipe output. As well as the closed-loop system, also the success 
of the extrusion process depends on how well the process is under control. This makes 
the concepts of processes topical and is the reason why it has got a relatively important 
in the research. One way to improve the performance of processes and enterprise is 
Lean-philosophy, which has as an aim to produce the best possible value for the cus-
tomer and eliminate all waste from the process. Waste means all those issues that do not 
produce value for the external or internal customer (the next step in the process). Figure 
2 visualizes the concept of Chapter 2. The umbrella term is the closed-loop system, un-
der it places the concept of processes and the Lean-philosophy according to which the 
flows are managed.   
 
Figure 2 The concept of the Chapter 2; the umbrella term is the closed-loop system and 







What approaches inside the process lead to the best utilization 
of input and produce maximal output without waste? If waste is 
formed, how it can be returned back to input?




This chapter focuses on the relationship between concepts of processes, Lean-
philosophy and finally the closed-loop system. When used together these can be a 
source of competitiveness, but it is possible only when there is a strong link between the 
strategy of the closed-loop system and the corporation strategy.  
2.1 The Concept of Processes  
Organizations comprise of four elements; people, processes, control mechanisms and 
structure. The reason why processes carry a critical role is despite what we usually 
think, 85 percent of all problems in organizations can be attributed to processes, control 
mechanisms and structure and only 15 percent falls to the people (operators of the pro-
cess). (Madison 2005, p. 3.) Fundamentally everything a business enterprise does to 
survive is process. The misunderstanding that processes are under control when they in 
reality are not, can lead to uncontrolled process output (Hunt 1996, p. 1-2). Like Rumm-
ler and Brache have wisely said (2012, p. 42);     
“Processes are rolling along (or frequently, stumbling along) in organizations, whether 
we attend to them or not. We have two choices - we can ignore processes and hope that 
they do what we wish, or we can understand them and manage them.”  
Improving a process requires abandoning of the traditional task-orientated and highly 
hierarchical organization. Traditional organizations are departmentalized to parts which 
all perform their own repeating functions and are controlled by a higher authority. The 
problem is that none of the functions can themselves achieve organizational goals and 
employees might not have an overall perspective. (Gray & Starke 1984, p. 175-176.) 
Unlike a traditional organization, process organization does not highlight hierarchical 
decision making. Core processes, which have to be performed to produce value to the 
customer, are defined and process teams are built to maintain those operations. All pro-
cesses have their own process owners who are responsible for coordinating process 
teams. Middle management coaches and gives advice to process teams and owners and 
a small executive team leads the company. (Peltonen 1998, p. 37.)  
A change to a process organization is not easy or fast to implement but is usually worth 
it. It requires time and effort to define the company’s core processes that are needed to 
produce value for the customer. The company’s approaches usually change dramatically 
and the reward system may need upgrading. The transformation to a process organiza-
tion requires also changes in attitudes; managers have to give teams and employees the 
right to make decisions and on the other hand employees have to be committed and mo-
tivated to work together. (Nieminen 2007, p.40-41.)        
As mentioned before, many problems in a company can be linked to their processes. 
According to Madison (2005, p. 55-59) symptoms of a broken process are: 
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• Internal or/and external customers are unhappy – the quality is not as expected 
and certain things take too long  
• Processes have to be done many times – scrap, mistakes, incorrect information 
etc. 
• Employees report a high frustration – processes and work-tasks are confusing, 
full of bottlenecks and have design flaws 
• There is finger-pointing and blaming in processes between departments  
• Processes are not measured or controlled – output time and quality varies and 
reacting to undesired output is difficult when there is no standardization  
• Inventory, buffers and other assets sit idle – materials and information do not 
flow effectively 
• Too many reviews – motivation to produce desired quality for the first review 
decreases 
• No one is managing the total process – there should be someone who has au-
thority to fix and allocate resources as necessary 
• Management throws money at the problem without getting improvements - im-
proving operations do not fix the root cause  
• Managers spend a lot of time with firefighting – without fundamental changes in 
processes fires most likely recur   
The problem of a traditional organization is that tasks are highly specialized and the 
whole organization focuses on functions not processes. When items get handled by 
many people who are in functional silos and not integrated together, they all have dif-
ferent goals. In a cross-functional organization people from different departments work 
together in a team and they have the same goal; to complete a whole piece of work - a 
process. (Hammer & Champy 1993, p. 66.) Teams that consist of people from all de-
partments, who are in touch with the process, have better probability of solving root 
causes of problems. They have practical experience and different perspectives to the 
process so the result is probably more comprehensive than decisions made by manage-
ment who have little to do in a reengineered environment. (Kurnik 2016.)  
2.2 Process Mapping 
Process mapping consists of those analytical and communication tools which make it 
possible to identify a company’s current “As-Is”-processes and sketch the “To-Be” 
roadmap for future (Hunt 1996, p. 1). Process mapping can be done on three different 
levels. The least detailed is a macro flowchart, more detailed is called a functional-
activity flowchart and the most detailed flowchart is created at the task-procedure level. 
(Madison 2005, pp. 21-30.) These all complement each other and are not usually com-
prehensive enough to be used singly in process improvement projects. The reason for 
introducing process mapping so carefully is that when developing production towards 
the closed-loop system, it is necessary to have a thorough knowledge about one’s inter-
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nal processes. Only by mapping current core and support processes one can identify the 
main problems and small details that create waste and prevent the process from being 
closed.  
A macro flowchart comprises only the most critical elements of process. Because of the 
lack of elements this flowchart is used only in the beginning of the process improve-
ment projects to catch the “bigger picture”. (Madison 2005, p. 22.) Figure 3 below 
shows a very simple macro flowchart of a plastic extrusion.  
 
Figure 3 A very simple macro flowchart of plastic extrusion process, a box = an activi-
ty, a diamond = a review, an arrow = the direction of the flow, a triangle = a storage, 
the big D (not in the figure) = delay (adapted from Madison 2005, p. 19-21) 
A functional activity flowchart represents people who are working in the process. With 
a functional activity flowchart the user is able to spot problems and disconnects between 
departments or individuals, see who takes the value-added steps and who does not and 
see where most of the work is done. (Madison 2005, p. 23-25.) Figure 4 shows a part of 
an imaginary functional activity flowchart about introducing a new product after re-
search and development. 
 
Figure 4 An imaginary functional activity flowchart about introducing a new product 
after R&D (adapted from Madison 2005, p. 23-25) 
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After spotting a problem in the functional flowchart, the root cause should be identified 
and here the task procedure flowchart becomes useful. (Madison 2005, p. 30.) Figure 5 
shows a task procedure flowchart about a general quality check in the case company’s 
production.  
 
Figure 5 A functional activity flowchart of the quality inspection in the case company’s 
production; sequence = the step number, time = how long a certain step takes, frustra-
tion level, description of the step and the reason why the step is done (In some cells 
there are many options depending on a product) (adapted from Madison 2005, p. 33) 
Four lenses used to analyse flowcharts; frustration, time, costs and quality. When im-
proving processes to the closed-loop system all of these are important. Frustration usu-
ally correlates with quality so by reducing it, it is possible to improve quality and avoid 
waste. Thus it often points to bottlenecks and disconnects in the information flow. 
(Madison 2005, p. 88-90.) According to Lean-philosophy waiting is waste (expect rare 
cases, like whiskey aging in barrels) what makes the time lens very useful to spot and 
remove unwanted process steps. With the third lens, cost, it is possible to calculate the 
return on investment generated from process redesign. The quality lens is important 
with regards to scrap because all activities that are not done the first time cause waste. 
(Madison 2005, p. 91-115.)  
After finding a root cause of waste and solving a problem, the aim is to prevent it from 
happening again. There are many error proofing techniques that are based on minimiz-
ing human errors with simple ideas. (Madison 2005, pp. 126.) Human errors increase 
when people are tired in night shifts. Lack of sleep predisposes people to decisions 
without enough assessment and decreases performance. (Suomen Lääkäriliitto 2005.) 
When night shifts are reality in a company’s production, all procedures should be de-
signed to be so easy to follow and perform that also people working at night can cope 
with those. Mistake proofing technique, poka-yoke, is a useful way to reduce human 











To get a meter weight for calculation 
of material consumption
Sequence Time Symbol Description
Taking random profile or 
product for testing




10 - 60 s
30 s
Why do we do this step?
To get a test sample which 
represents a batch
To find out if a test piece meets 
specifications
To find out if dimensions meet 
specifications
To get a meter weight
low
low / medium
low Writing down the run speed
Measuring dimensions with a 
caliper
Cutting one-meter-long piece 
of the profile
Measuring the mass of one-
metre-long piece
Comparing results to standards
Frustration
low




To find out if we meet productivity 
goals and if we are in time with 
production
8 10 s - …
low / medium 
/ (high)
Making the decision: is the test 
sample passed or does the 
process need corrective 
actions
To find out if the process needs 
corrective actions 
To find out if our results in line with 
standards
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cur or makes it possible to detect an error immediately, once it has occurred. (Tague 
2005, p. 351–356.) Many benefits relate to poka-yoke techniques; they promote indi-
vidual responsibility for quality ownership, are efficient but with little investment, de-
tect errors as soon as possible, focus on waste and scrap reduction in defects and pro-
cessing and provide immediate feedback (Burton & Boeder 2003, p. 118).  
2.3 Measuring the Performance of Processes  
Measuring the performance of a process is important when trying to achieve the closed-
loop system because without measuring the performance it is impossible to control, 
manage, make intelligent decisions or improve business processes (Trade 1995, p. 4-7). 
It should always be tied to the organization’s goal or objective and reflect customer’s 
needs. (Trade 1995, p. 4-7.) It is important to survey what those indicators are that can 
be used to measure the company’s own goals and the effectiveness of processes (Mar-
tinsuo & Blomqvist 2010, p. 4).  
Measured processes can be divided into two main groups. Core processes are tightly 
connected to a customer outside the company and in this case they consist of the sales, 
research and development (R&D) and extrusion production. When achieving the closed-
loop system all are needed and should have the same goal. The sales is responsible for 
communicating with the market and identify if there is demand for recycled products 
and what kind. R&D is responsible for creating new and modified products (of partly 
recycled materials) in order to fulfil customer’s desires. Production is responsible for 
realizing demand as products (of partly recycled materials). (Slack et al. 2001, p. 18.) 
Support processes are connected only to company’s internal customers, for example to 
the next process and are needed to maintain effective operations (Martinsuo & 
Blomqvist 2010, p. 4).  
Quality, speed, dependability, flexibility and cost are the main objectives of processes 
and that is why they are also good measuring areas. Good quality requires that all other 
mentioned issues come into effect. A good indicator for it in the closed-loop system is 
the scrap level or the number of defects per unit. Speed can be measured for instance as 
actual versus theoretical throughput time (affecting also the flow and resource efficien-
cy). (Elearn 2005 p. 47-48.) In the case company a good indicator for dependability is 
realized extrusion runs without problems versus realized runs with extrusion problems 
and extra scrap. Flexibility can be measured as time taken to change schedules and cost 
as utilization of resources (Elearn 2005, p. 59). The performance indicator should let us 
know how well we are doing, if we are reaching our goals, if our customers are satis-
fied, if our processes are in statistical control and where improvements are necessary 
(Trade 1995, p. 4).  
Only collecting statistics does not lead to improved performance or achieved goals. As 
important as collecting statistics is to analyse it in the right way and implement the re-
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sults and feedback in operations. (Elearn 2005, p. 63.) During the analysis the raw data 
is converted into understandable performance measures and this is compared to goals or 
standards (Trade 1995, p. 10). This should give feedback to the process input and be a 
trigger to systematic corrective actions, which are also connected to the organization’s 
goals and effectiveness. (Martinsuo & Blomqvist 2010, p. 3.) Figure 6 shows a simple 
feedback loop (Trade 1995, p. 9).  
 
Figure 6 Feedback Loop in Process Improving (Trade 1995, p. 8)   
The loop starts when a sensor evaluates actual performance (1) and reports that to a re-
sponsible worker (2). He or she compares that to the information from the goal or 
standard (3) and if there is a difference, the worker reports to a responsible decision 
maker (4). The responsible decision maker verifies information and determines if a cor-
rective action is needed to bring the performance back in line with the goals (Trade 
1995, p. 8).  
2.4 Lean-Philosophy  
Lean-philosophy derives from Toyota Motor Corporation and especially from Toyota 
Production System (TPS) which is famous of its performance level all around the world. 
Many companies have tried to achieve the same as Toyota by transferring TPS methods 
like Kanban, Single-Minute Exchange of Die (SMED) and other tools to their produc-
tion. Many times the reason why they have not succeeded in the desired way is that the 
core idea of Lean-philosophy was misunderstood. To be Lean, it is not sufficient to just 
implement Lean tools or methods. Lean is more − it is a philosophy. It starts from the 
vision and continues with everyday learning, challenging and pushing the performance 
to a higher level. Paradoxically all activities, connections and production flows are rig-
idly scripted but at same time operations are extremely flexible and adaptable. (Spear & 
Bowen 1999.) In TPS and Lean-philosophy four basic rules act as a guide for all com-
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pleted activities, decisions and improvements. According Spear and Bowen (1999) rules 
are; 
1. All work shall be highly specified to content, sequence, timing and outcome. 
2. Every customer-supplier connection must be direct and there must be an unam-
biguous yes-or-no way to send request and receive responses. 
3. The pathway for every product and service must be simple and direct. 
4. Any improvement must be made in accordance with the scientific method, under 
the guidance of a teacher, at the lowest possible level in the organization.  
The flow efficiency is the core idea of Lean-philosophy and a requirement also in a 
closed-loop system. It means that rather than maximizing the use of resources we focus 
on getting the processed unit to flow effectively across the organization. Flow efficiency 
can be calculated by dividing the time when the flow unit (a product) gets direct or indi-
rect value by lead time. However, traditionally organizations are focused on the re-
source efficiency, on the best possible utilization of resources and getting low unit costs 
by economics of scale. The resource efficiency can be calculated by dividing resource 
usage per period. (Modig & Åhlström 2013, p. 9-19.)  
Unfortunately implementing the complete resource and flow efficiency at the same time 
is impossible due to three factors; Little’s law, bottlenecks and variation in the process. 
Little’s law says that lead time is work in process (WIP) multiplied with cycle times 
(CT). When it comes to the resource efficiency it is better if there are flow units waiting 
to get processed, but this increases WIP and further lead times. That means that the flow 
efficiency decreases. Bottlenecks are operations whose capacity is lower than the oth-
ers’ and as a consequence their capacity limits the whole system’s capacity. Variation 
leads to long lead times (and poor flow efficiency) when utilization rate (and the re-
source efficiency) increases. Getting simultaneous resource and flow efficiency requires 
zero variation, which is impossible to achieve. (Modig & Åhlström 2013, p. 47-67.) 
Focusing only on good resource efficiency is a poor solution due to long lead times, a 
large amount of WIP  and the need of re-initiation which all cause new secondary needs. 
Long lead times lead to difficult production forecasting, probable form of scrap due to 
the need of working hastily when demand is hard to fulfil and further fixing problems 
caused by scrap (secondary need). Large amount of WIP leads to a need for storage and 
re-initiation causes a mental set-up time (both secondary needs). Because secondary 
needs do not produce value, they are categorized as waste. If it takes more time and re-
sources to fulfil secondary needs than performing value-adding primary tasks, is it pos-
sible to call a resource efficiency-orientated organization effective? This brings us back 
to the Lean and why it is many times the key for improving the performance of process-
es - it makes operations flow. (Modig & Åhlström 2013, p. 47-67.) 
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Lean-philosophy tries to achieve perfection by maximizing the quality experienced by 
the customer, maintaining continuous flows and reaching the non-waste state. (Steven-
son 2012, p. 44-45.) If Lean is thought of as a pyramid, values are in the top and the 
highest abstract level. Below values are principles and methods and in the lowest ab-
stract level are tools. (Modig & Åhlström 2013, p. 129). This is shown in Figure 7. 
 
Figure 7 Abstract levels of Lean-philosophy (adapted from Modig & Åhlström 2013, p. 
129) 
Values are placed in the deepest and the most abstract level in the mind and change 
slowly (Elo-Pärssinen 2007, p. 47). When using values for executing Lean-philosophy, 
the goal is to try to reduce variation in people’s set of values. With principles we try to 
reduce variance in the way how people think. Principles have to carry out values of 
Lean-philosophy. The most important principles of Toyota are Just-In-Time (JIT). Only 
by changing values of people and the way how they think can lead to permanent chang-
es. Methods (like jidoka) are standardized operating models that enable the best imple-
mentations of principles in practice. Lean-tools are visible, tactical and operating parts 
of the Lean-system. (Modig & Åhlström 2013, p. 129-139.)  
2.5 Managing Material Flows by Using Lean-Philosophy 
Processes consist of material flows and information flows but in a supply chain process 
a third flow can be identified - the cost flow. For keeping them to flow Lean-philosophy 
tries to reduce waste from them.  Waste, in Japanese “muda”, is like a rock in a sleigh. It 
does not produce value or help the process to develop and progress. Instead, it makes 
processes heavier than they actually would be. There are eight categories of waste: 
transporting, inventory, moving, waiting, over-processing, over-production, defects and 
wasted skills. These all affect also the efficiency of material flow. Transporting and 
moving are useless for material processing. Stocks act as a buffer but tie up great capital 
and may hide defects. In addition, it lengthens the total lead time (waiting), takes up 
space and causes waiting for raw materials and products. (Xinyu & Jian 2009.) Over-
processing is one source of scrap if sufficient quality is tough to be deficient. It also 
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In an ideal situation raw materials flow continuously without interruptions through the 
process for end-products, ready to be supplied to the external customer. This is too 
much to implement at once so at first a place to focus, called the pacemaker, is needed. 
It is the most important process where a product takes the final form for the customer. 
Ideally, the pacemaker sends demand signals upstream in the flow to other production 
processes which respond to requirements smoothly and fast. The pace is defined as a 
takt time - the rate at which customers require finished units. (Rother & Harris 2008, p. 
1-12.)   
In the area of material flows Lean-philosophy requires small batch sizes, a pull-
production control system, standard work and jidoka. Batch sizes should be as small as 
possible. The ideal Lean-system would only use one-piece flow and manufacturing is 
based on demand only. (Yamagar & Ravanan 2010.) The pull-system is opposite to the 
common push-system and it assumes that signals of needs move upstream. Kanban is at 
the core of pull production and it improves flexibility in responding to customer de-
mand, simplifies the procurement process, uncovers hidden waste in processes and 
eliminates unnecessary paperwork. (Burton & Boeder 2003, p. 120-122.) 
2.6 Managing Information Flows by Using Lean-Philosophy 
The right information, in the right place and at the right time is necessary to reduce er-
rors, maintain quality and add value to the next internal or external customer. As men-
tioned before, in a process-orientated organization organizational limits have to be bro-
ken. This also applies to information sharing. Hoarding information in departments or 
optimizing it partially does not serve the common goal of the organization. 
Correct information routes make the information available when it is needed and sup-
port fast decision making and problem solving. “Grey-areas” should be eliminated to 
ensure efficient operations. Traditional organization departments often take responsibil-
ity for their own operations only and forget that they have to work to fulfil the common 
external customer’s needs. A typical example is the interface between manufacturing 
and R&D departments when a new product is being introduced. Many studies have 
shown that cooperation, regular feedback and rich interaction between these two parties 
will lead to many benefits; better matches between a new product and product capabili-
ties, reduced manufacturing costs, improved quality and shorter time to market. In addi-
tion to manufacturing and R&D the third function, services, should also be included in 
cooperation. Creating conditions for integrated knowledge-based approaches across 
functions gives value for the entire firm. (Olausson & Berggren 2012.) 
According to Lean-philosophy information should move effectively upstream. Especial-
ly when people express frustration they should be heard. Routine information can simp-
ly be collected from downstream with the help of check sheets and pre-designed forms, 
but more complex information needs bringing a person from downstream to upstream to 
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the redesign project. In this way information comes directly from the source. Relevant 
information should also be shared widely once it is available. Pledging information 
leads to mistakes, rework and scrap. It should also be remembered that when infor-
mation moves from person to another a broken-phone effect is always a possible source 
of error. The more handoffs there are, the bigger the opportunity for errors. (Madison 
2005, p. 264-265.) 
Bullwhip or Forrester effect is a major source of uncertainty for enterprise. The further 
away the demand is diverted from the customer, the higher the frequency of the demand 
is. This may cause hurry to fountainhead of the supply chain even the customer demand 
in another end of the chain is not significantly increased. Typical reasons are chain 
structure (for instance not integrated software between customer and supplier), unrelia-
ble production system (long lead times), inaccurate forecasts, promotional pricing or 
manipulation of information. The uncertainty related to the bullwhip-effect can be con-
trolled by cooperation and transparent information sharing. (Heikkilä & Ketokivi 2005, 
p. 118-119.)    
Visual control is the most important control mechanism of Lean-production. It focuses 
on the process and makes comparing between the current performance and the desired 
one easy and clear. Visuals (like charts) enable managers to focus on good points in 
discipline and attach it to the processes. Every process should have its own visual con-
trol(s), which show if the process has been performed, when it has been performed and 
by whom. Core processes and desired activities determine the type of visual control. 
(Mann 2010, p. 53-74.) For example when achieving the closed-loop system, we can 
view used, wasted and recycled materials (in kilograms, euros or percentage) per team 
or per line set. Visual control connects people to their processes and makes everyone to 
take responsibility due to the fact that nothing can be hidden (Mann 2010, p. 77). If for 
example the scrap percentage per team is visible, no one can hide the truth and on the 
other hand people become aware how they are performing.  
People should have enough standardized information how activities should be done or 
there will be high variation in output or results. This is because all people are following 
the same process in a different way. This will lead to quality problems, scrap and in-
creasing need for traditional checks and reviews. (Madison 2005, p. 262, 266.) Also 
creating a learning organization requires standardized work because the link between 
the work and the result has to be clear. Without the link it becomes unclear which ac-
tivity brings along desired results. (Spear & Bowen 1999.)  
2.7 The Concept of a Closed-Loop System 
Like all big changes and Lean-philosophy, also turning the enterprise green and towards 
a closed-loop system starts from the top of the organization and so does the vision of the 
desired future state. It is a process that requires effort from all departments. It is like a 
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chain - if one link in the chain fails, the whole chain breaks. That makes the process-
orientated organization and good integration between core operations topical.  Because 
the closed-loop system is a strategy and a choice between many options, it requires a 
long-term commitment. On the other hand it can have a positive effect on competitive 
success, because it is difficult to replicate (because of long developing time and social 
complexity). (Heikkilä & Ketokivi 2005, p. 29-32.)       
Every material and information flows have to be sorted out from an overall level to a 
detailed level (Wills 2009, p. 6). Measuring the current performance and finding and 
eliminating all leakages where material turns from a value adding source to waste, is the 
first step, but creating conditions under which the closed-loop cycle is possible, is even 
more important. Figure 8 below shows a traditional linear value chain and a closed-loop 
value chain.  
 
Figure 8 A linear and closed loop value chain models (Hutter et al. 2010) 
Green values are becoming more and more substantive and the greening of manufactur-
ing is a phenomenon. Like Lean, also “going green” by a closed-loop system has similar 
type of economic and business benefits: cost savings, increased customer loyalty and 
attraction, increased employee attraction, ability to grow, innovation and new technolo-
gies and increased profit and shareholder value. Cost savings are a direct result of cut-
ting waste. It is not only material costs which will reduce, also the landfill payment and 
other indirect costs (such as labour cost of handling waste) will drop. Increased custom-
er loyalty and attraction is also a valuable result. Nowadays when global competition is 
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a norm, in addition to attracting new customers and breaking into new markets, it can be 
hard keeping the markets share and the customers we already have. When legislation 
and directives are pushing and media and markets are directing us to consider environ-
mental issues in operations, going green and staying green can be a valuable competi-
tive advantage. Businesses that do not adopt green values take the risk of being left be-
hind by competitors who do, or will be forced by governing agencies and legislation to 
go green. (Wills 2009, p. xvi-xvii.)   
Studies have shown that employees also want a company that cares about how it im-
pacts on or contributes to society. Ability to grow means that the money which was 
spent before on the production of waste may after the elimination of waste be used for 
new investments and increasing business. It also means decreasing dependence on lim-
ited natural resources, like oil. Innovation and development of new green technologies 
can give direct environmental and cost savings and increase productivity, reduces lead 
times, increase capacity and increased profit and value for the customer. (Wills 2009, p. 
xviii-xxi.)  
A closed-loop system requires integration with previous steps in the value chain. In the 
case of extrusion this means that plastic raw materials from the supplier have to be re-
cyclable and easy to process with a low scrap level. Integration mechanisms depend on 
the level of coordinated operations. Overall, they can be divided into three groups; 
structural (based on organization structure), functional (approaches and principles) and 
strategic mechanisms. (Heikkilä & Ketokivi 2005, p. 176-195.)   
2.8 Involving Employees  
In addition to material and information flows, a closed-loop system consists of operators 
who are working inside the process (in the case of extrusion profile manufacturers). 
Involving people is the most challenging part of Lean-philosophy. It is still worth it, 
because without changing the scheme of thinking, the results of the process will not 
change (Burton & Boeder 2003, p. 14).  
In the process organization the decision making falls to lower levels of the hierarchy 
because usually people who really are working with tasks have the best improvement 
ideas about those. The managers’ task is to ensure that every important task in the or-
ganization will be done. Their role is also to understand and analyse the process, give 
feedback to the process owner, establish the process and improve it under the strategy. 
(Laamanen 2002, p. 119-126; Madison 2005, p. 262.) I think the relationship between 
an organization and employees can be well summarized by the following statement by 
Mårten Mickos (Lappalainen 2015);  
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”A modern organization is like a school of fish, operating at great precision through 
subtle coordination of vast numbers of essentially equal members. The organization is 
led from the front, centre, back and sides. A common vision and common values keep 
the group together. The group is powerful, effective and protected. Everyone has a 
voice. All are needed; no one is irreplaceable.”  
The performance of the organization basically originates from human behaviour. To be 
able to achieve a high performance two things become important: competence (tech-
nical skills and social skills to work in team) and motivation. (Lawrence 2014.) One 
way to define competence or know-how is to define it as a possibility to succeed in a 
specific task. The more skills you have at certain tasks, the more likely it is that you 
know how to do it best. (Laamanen 2002, p. 179.) Talents are the most gifted employees 
who have given a lot to the organization. Talents can be very valuable to an organiza-
tion and talent management that is connected to the strategy is crucial for most of corpo-
rations’ business operations. (Lumme-Tuomala 2015.) Motivation is also important. In 
Toyota where the organization’s performance level is high people are not only motivat-
ed to personal success but also to the success of the team and the company. Overall, 
there is not just one source of motivation and many things reinforce or weaken our be-
haviour at same time. (Lawrence 2014.) 
A genuine commitment to changes can only come through personal experience and abil-
ity to influence and this should also be taken into consideration while turning the organ-
ization towards the closed-loop system. Emotions affect the actions of people, at least as 
much as rational thinking, whether we wanted or not. Briefings are usually not suffi-
cient and people need to realize and experience at first-hand the benefits brought about 
by a change. It should still be accepted that there usually always is resistance to change 
and a quick start is more important than the pursuit of opponents. They should be lis-
tened to and their opinions respected but after all managers have the responsibility for 
change. (Laamanen 2002, p. 256-270.)  
By building payroll and other reward systems that encourage the performance of desired 
activities, important operations can be underpinned (Laamanen 2002, p. 140). The im-
portant point in Lean-philosophy is that people are not paid for their time; they are paid 
for the value they have created for the customer. That makes people in the organization 
focus on pleasing the customer, when they feel that the customers pay their salary. In 
this way the whole organization’s value system may transform from protective to pro-
ductive. (Hammer & Champy 1993, p. 73-74.)  
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3. EXTRUSION AND RECYLING OF PLASTIC 
Extrusion is a continuous process that works by forcing melted polymer through a die 
under controlled conditions produces profiles with uniform shape and density. The rea-
son why so many basic things have been gone through is that a closed-loop system in 
the extrusion environment requires perfect control of all materials and equipment. That 
makes the knowledge of both crucial in the view of reducing scrap, reusing regrind and 
a closed-loop system. 
3.1 Process Steps of Extrusion 
The limits of the plastic extrusion process are the receiving of polymer raw material and 
the shipping of the finished profile or pipe (or other in a dimensional direction uniform 
product) to the customer. All the process steps shown in Figure 9 have to be correctly 
performed to ensure products that meet specifications and to prevent formation of non-
planned scrap.    
 
Figure 9 Schematic of a basic plastic extrusion process, drying and secondary opera-
tions are optional (Giles et al. 2005, p. 1) 
Some basic things should be remembered when reducing scrap in extrusion steps. To 
prevent product cross-contamination all storage silos, dryers, surge hoppers and extrud-
er hoppers must be properly cleaned when raw material in them is changed to another 
(steps 1-4). In order to produce uniform products and reduce scrap, it should be noted 
that when mixing pellets and powder, powder can flow between the pellets and cause 
variation of the composition over time (at the beginning of the run more powder and at 
the end of run more pellets). (Giles et al. 2005, p. 4-5.) This same effect can happen 
with regrind and powder, so feeding from different feeders to the same throat is recom-
mended. 
Hydroscopic materials and materials stored in a cold warehouse that are brought into a 
warm environment require drying to avoid condensation of moisture on the surface of 
1. Polymer received
2. Material blended with additives
3. (Polymer dried)
4. Polymer fed to extruder 8. Extrusion
7. Shaped and drawn
6. Solidification and cooling





the pellets, flake or powder. Drying temperature and time should always be determined 
and tested to avoid over-drying or degradation at too a high temperature. Measuring the 
moisture content, especially with PC and ABS, is essential. Incorrect drying can lead to 
many material problems and decrease the quality of the final product. Splays, bubbles 
and foamy products are common problems. (Giles et al. 2005, p. 208.)  
Before starting-up the production line, the standard operations (SOP) should be com-
pared with previous run records to find out if there is something to be taken into ac-
count. Also verifying that all equipment is functioning properly is a basic thing to do. 
After the extruder has been running for a few minutes, determining if the product meets 
specifications (by taking samples) helps to improve the process and reduce scrap. (Giles 
et al. 2005, p. 67-68.) 
In the extruder polymer material is conveyed from the feeding zone, through the com-
pression zone and homogenization zone to the die. In the screw material is melted and 
mixed. Melting happens due to external and internal energy (see Figure 10). External 
heat consists of electricity or heated fluids outside of the barrel. However, internal heat-
ing is the primary way to melt resin (80-100 % of the heating energy) and it consists of 
friction and molecular relaxations. (Giles et al. 2005, p. 3; Hanhi et al. 1999.) There are 
three types of mixing operations in extruders: longitudinal mixing or coarse mixing, 
dispersive mixing or continuation of the disperse phase and radial mixing or distributive 
mixing (Subramanian 2011, p. 89).  
 
Figure 10 Melting of flow in the cylinder (Hanhi et al. 1999) 
When moving forward in the screw, polymer chains are mixed and non-orientated but 
when polymer comes to the die, chains have to partly orientate. When extruded profile 
exits the die, polymer chains relax and swell. A puller is needed to orientate and shrink 
them to the desired shape. The draw depends on the puller speed and the extruder out-
put. There is only one optimal puller speed in a given throughput rate and die cross-
sectional area. (Giles et al. 2005, p. 8.) 
Solidification and cooling after the die are usually done with water and air. Semi-
crystalline polymers have a solidification temperature (for crystalline areas) and amor-
phous polymers have a glass transition temperature at which they transform from leath-
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er-like or soft to solid. Uniform cooling is a critical step to produce desired dimensions, 
warpage-free parts and acceptable performance. With semi-crystalline polymers the 
right cooling rate is needed to produce the right amount and size crystals. (Giles et al. 
2005, p. 9-10.) 
As already mentioned, puller and throughput rate determine the dimensions of the pro-
file. Puller pressure has to be high enough to prevent slippage of the profile and at the 
same time low enough to prevent crushing the product. Slippages lead to variation in the 
pulling rate and again changes in dimensions. (Giles et al. 2005, p. 11.) 
Finally cutting and other optional secondary operations like decoration are done. Inspec-
tion can be manual or automated by a video camera or other method. Packing can also 
be manual or with large batches automated. (Giles et al. 2005, p. 3; Hanhi et al. 1999.) 
In every batch a few samples should be stored. These samples are useful in the event of 
a customer complaint. They act as a test piece and comparison copies and help to solve 
problems or errors present in customer’s pieces. (Giles et al. 2005, p. 11)    
3.2 Extrusion Equipment 
The screw is the most important part of the extruder and basic screw nomenclatures are 
shown in Figure 11. The screw transports material forward, contributes to the heating of 
the polymer and homogenizes the material. (Rauwendaal 2014, p. 70.) It also pressuriz-
es the material, so that it is able to push through the die (Hanhi et al. 1999). Length per 
diameter ratio of the screw, L/D, is directly connected to the extruder throughput. It can 
be calculated by dividing the length of screw from flight to flight by outside diameter of 
the screw. When L/D increases, also melting and mixing capacities increase and al-
lowed run rates grow. Throughput increases exponentially when the single screw di-
ameter increases. Shorter L/D extruders instead have lower initial investment cost, less 
residence time in the extruder when processing temperature-sensitive materials and re-
quire less torque. (Giles et al. 2005, p. 13-14.)    
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Figure 11 Definition of screw elements (Hanhi et al. 1999) 
The wear of the screw has a significant effect on the quality of products because it in-
creases melt temperatures. The level of negative effects depends on the amount of com-
bined wear (barrel and screw), viscosity of the polymer, head pressure and screw speed. 
Just 0.508 mm wear in the screw diameter will reduce output rate by circa 10 %. Be-
cause of the strong correlation between wear, quality and output rate, measuring and 
monitoring the wear of screws and barrels is important with regards to scrap and finan-
cial issues. (Steward 2015.)  
Single screw extruders are most widely used and the most important type of extruders in 
the polymer industry. A single screw extruder has only one compression stage but three 
distinct geometrical sections. These sections are shown in Figure 12. The first section 
right after hopper is called the feed section or solids conveying zone. This section usual-
ly has deep flights and material is still mostly in a solid state. The second section is 
called the compression or transition zone. Usually the height of the screw flight reduces 
in a linear fashion thus causing a compression of the material in the screw channel. In 
the third section, the metering zone, just before the die, flights are shallow and material 
is in a molten state. (Rauwendaal 2014, p. 13.)   
 
Figure 12 Single screw extruder (Hanhi et al. 1999) 
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Twin screw extruders are extruders with two Archimedean screws but there is an enor-
mous variety of different types, which differ by design and in other properties. Twin 
screw extruders can be divided by geometric configuration into five different classes. 
Intermeshing extruders have two different types; co-rotating (rotate in same direction) 
and counter-rotating (rotate in different directions) extruders. Furthermore, non-
intermeshing extruders have three different types; counter-rotating extruders, co-
rotating extruders and co-axial extruders. Twin screw extruders are mainly used with 
thermally sensitive materials (like PVC-R) and in speciality polymer processing opera-
tions like compounding. They have better feeding and conveying properties for difficult 
feeding materials (like powders). (Rauwendaal 2014, p. 24-25, 697-699.)   
In the extruder, before the die, there is often a breaker plate. It is a thick metal disk with 
many holes parallel to the screw axis. A breaker plate forces the polymer melt to flow in 
a straight-line fashion and prevents the spiralling motion that may cause extruded pro-
file distortion. (Rauwendaal 2014, p. 72.) It also provides a controlled amount of back 
pressure (Hanhi et al. 1991). Another reason for using a breaker plate is that it improves 
heat transfer between the metal and the melt when the heat transfer distance is reduced. 
This leads to better thermal homogeneity of the polymer melt. (Rauwendaal 2014, p. 
72.) 
In the cases when the extruder barrel does not match up with the entry opening of the 
die, an adaptor is used between them. In the die polymer flow adopts the shape of the 
flow channel. Pushing the polymer through it requires pressure due to the die’s re-
sistance to the flow. The die’s flow surfaces have to be smooth and usually heated to 
avoid the material sticking on. The pressure in the die is called the die head pressure. It 
is caused by the die and flow process, not by the extruder. It is a sum of the temperature 
of melted polymer, flow rate, rheological properties of polymer and the shape of the die. 
When polymer leaves the die, its shape is corresponds to the cross-sectional shape of the 
final portion of the die flow channel. (Rauwendaal 2014, p. 15-16, 72.) However, die 
swell complicates die design because the swelled profile is greater than the orifice from 
which it came. (Hanhi et al. 1999.) This can be seen in Figure 13. 
 
Figure 13 Effect of die geometry (Hanhi et al. 1999) 
The plastic output from the die is an equation of drag flow, pressure flow and leakage 
flow (see Figure 14). The drag flow moves out from the extruder but the pressure flow 
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(generated by the die pressure or the head pressure) forces the material backward into 
the metering zones. (Giles et al. 2005, p. 22.) 
 
Figure 14 Plastic throughput profiles from the die (Giles et al. 2005, p. 22) 
Cooling is a difficult part of the extrusion process and a necessary evil because any 
amount of extruder cooling reduces the energy efficiency of the process. Air cooling 
and fluid cooling are the two most common methods of cooling. Singly used air cooling 
is not usually intensive enough but useful because the change in temperature occurs 
gradually. Water cooling is much more intense but it constitutes a non-linear effect and 
it is more difficult to properly control. (Rauwendaal 2014, p. 79.)   
3.3 Plastic Materials 
A good knowledge of used extrusion materials is principal to being able to make con-
sistent decisions, finding corrective actions when problems occur and developing a bet-
ter output from the extrusion process. Molecular weight (g/mol) and the degree of 
polymerization describe the length of polymer chains but because all polymer chains do 
not grow to the same length (polydispersity) and there is a distribution of molecular 
weights, the average molecular weight is used.  
High molecular weight polymers have higher crystallinity, better impact and wear re-
sistance, high deflection temperature and better stress crack resistance. They can also be 
harder to process. Polydispersity index and an average molecular weight are directly 
related to the melt flow properties. Furthermore, they affect the processing performance, 
like the extrusion output rate and pressure. The increase in the length of molecule also 
raises the resistance to the flow. Changes in the molecular weight distribution may 
cause extrusion problems because variations in the molecular weight distribution affect 
the temperature dependence of melt elasticity. (Subramanian 2011, p. 11-12.)  
Rheological properties, especially viscosity (η), of the polymer determine its behaviour 
during processing. When the temperature increases, the viscosity of polymers (and all 
liquids) decreases. This effect is usually stronger with amorphous polymers than partly 
crystalline polymers. Instead, increasing pressure will also increase viscosity. Because 
of this care should be taken when processing polymers because it may have a huge im-
pact especially with amorphous polymers which are more sensitive to pressure changes. 
(Syrjälä 2013, p. 2-10.)  
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Melt flow index (MFI) is determined as mass flow through capillary (g/10 min). The 
higher the melt index, the lower the viscosity of the polymer. (Syrjälä 2013, p. 18.) 
Studies have shown that several commercial polyolefin (different grades of polypropyl-
ene, high density polyethylene and low density polyethylene) with lower MFI have 
higher thermal stability due to the higher activation energy needed for thermal degrada-
tion. MFI depends on the resin’s average molecular weight, polydispersity index and 
branching characteristics like the degree of branching. (Abbas-Abadi et al. 2012.)  
In addition to previously mentioned rheological properties, plastic materials also under-
go different and complicated other thermo-mechanical processes during heating and 
cooling. Semi-crystalline plastics have a phase transition during temperature changes. 
Below glass transition temperature (Tg) the amorphous part behave glassily and above it 
the amorphous part of the polymer comes rubbery or leather like. Crystalline polymers 
do not have a glass transition temperature and their melting temperature is usually high-
er due to more energy being needed to melt the structure. Polymers with a high degree 
of crystallinity tend to be brittle because of the weak crystal-crystal interface. (Subra-
manian 2011, p. 13.)     
The most common extruded plastic materials are acrylonitrile butadiene styrene (ABS), 
polycarbonate (PC), polyethylene (PE), polymethyl-methacrylate (PMMA), polystyrene 
(PS) and polyvinylchloride (PVC). ABS is a copolymer of acrylonitrile, butadiene and 
styrene. With high butadiene concentration the impact strength is good and with high 
styrene concentration manufacturability becomes easier. With high acrylonitrile concen-
tration chemical resistance and hardness are better. (Giles et al. 2005, p. 207-208.) ABS 
is usually filled with rubber particles or rigid inorganic particles, such as calcium car-
bonate, kaolin and glass bead and talcum powder. Fillers reduce production costs and at 
the same time enhance tensile strength, impact toughness and stiffness. (Subramanian 
2011, p. 22.) ABS is mildly hygroscopic and pellets need careful drying before pro-
cessing. The absorption rate depends on the relative humidity of the air, pellet size, 
temperature, time and the ratio of monomers. Regrind and pellets need longer drying 
time than powder due to the longer diffusion bath in large size particles. (Giles et al. 
2005, p. 207-208.) 
PC is an amorphous polymer with outstanding optical properties. It is also attractive due 
to its impact resistance and good strength at elevated temperatures. PC also possesses 
good dimensional stability. It has some limitations like poor scratch resistance and sus-
ceptibility to bubbles at elevated temperatures. (Subramanian 2011, p. 28.) Polycar-
bonate requires drying as moisture leads to a hydrolysis reaction in the extruder which 
causes polymer backbone breaking, lowering of the molecular weight and reducing im-
pact properties. Acceptable moisture content is 0.02%. (Giles et al. 2005, p. 214.) 
PE’s molecular weight and crystallinity (and further density) determines the properties 
and performance of the resin. It has three main forms; low density (LDPE), high density 
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(HDPE) and linear low density polyethylene (LLDPE). When the density decreases, 
environmental stress cracking resistance increases. However, it has many advantages; 
inexpensive nature, chemical-, electrical- and water resistance. LDPE is soft, flexible 
and unbreakable while semi crystalline HDPE is harder, stiffer and it combines low 
cost, excellent manufacturability and good toughness. (Subramanian 2011, p. 14-16.) 
PMMA is a transparent polymer. It has good mechanical properties and a low weight 
but also a brittle nature. (Subramanian 2011, p. 22-23.) Drying of PMMA before extrud-
ing is important because of the hydroscopic nature of the resin (if the resin is not 
shipped in moisture-proof containers). Inadequate drying may lead to splays on the sur-
face, foamy structure and internal bubbles. A too high temperature may lead to soften-
ing of the amorphous resin, allowing the pellets to stick together and become a solid 
mass in the dryer. (Giles at al. 2005, p. 212-213.) After processing, PMMA needs care-
ful cooling to prevent distortion (Subramanian 2011, p. 23). 
PP is a semi crystalline low-cost resin which is easily compounded with fillers and rein-
forcement. It has a high heat distortion temperature and offers excellent chemical re-
sistance, environmental stress cracking resistance and surface hardness. (Subramanian 
2011, p. 16-17.) PP does not absorb moisture and does not require drying unless the 
resin has been stored in a cold warehouse and moved to a hot environment (Giles et al. 
2005, p. 213).  
PS has two main forms; a transparency general PS and an opaque (due to rubber modi-
fication) high impact polystyrene HIPS. PS has a brittle nature because of its structure. 
PS has excellent flow characteristic and HIPS has better melt strength and easy pro-
cessing properties. Both have low shrinkage values with a high dimensional stability 
during moulding.  Polystyrene is not hydroscopic and does not require drying if the raw 
material is stored in a warm warehouse. (Giles et al. 2005, p. 215)  
PVC is an amorphous resin which can be divided into two groups depending on plasti-
cizer condition; un-plasticized rigid PVC (PVC-U) and plasticized flexible PVC (PVC-
P) (Giles et al. 2005, p. 216). Generally PVC is transparent with a bluish tint. It has out-
standing chemical and high abrasion resistance but it is attacked by many organic sol-
vents. (Subramanian 2011, p. 18-19.) PVC has significant advantages in applications 
where energy efficiency and a low thermal conductivity are needed. This is why it is 
widely used in window profiles because it has three times better heat insulation effi-
ciency than aluminium profiles. (VinylPlus 2015.) The weakness of PVC is its thermal 
stability, which leads to the requirement to use thermal stabilizers. PVC has a risk of 
degrading if processing temperatures are high and if there is empty space within the 
extruder, die or adapters where the resin can stagnate. The risk of degrading increases 
over long runs. The result is initially dark streaks and may lead to total degradation and 
a dark useless material. (Giles et al. 2005, p. 216.)  
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3.4 Troubleshooting in Extrusion 
Extrusion problems can have huge financial impacts which make systematic trouble-
shooting perhaps the most important topic in extrusion. Down-times and off-quality 
products are indispensable to a quick diagnosis when extrusion develops a problem. 
(Rauwendaal 2014, p. 763.) In order to be able to identify root causes and institute cor-
rective actions, it is necessary to understand both the materials and the equipment and 
how they interact with each other. In other words, you have to know the process. (Giles 
et al. 2005, p. 251.) Also, because extrusion is “a black box” process you have to be 
sure that measured process variables are reliable. Rather than blindfolded actions, prob-
lems should be solved with analytical methods. This requires a good instrumentation 
because without it troubleshooting is a guessing game at best. (Rauwendaal 2014, p. 
763.) Usually problems consist of many root causes and according to Burton and 
Boeder (2003, p. 15) can be determined by using the following formula:  
Problem = f (Root Causes) 
Fixing one extrusion problem requires eliminating all root causes and that makes prob-
lem solving complicated. If the problem gets smaller or goes entirely away, it is an indi-
cator that the right root cause has been addressed. According to Spear and Bowen 
(1999) using the Socrates method of iterative questioning and problem solving can help 
with making corrective actions; 
• “How do you do this correction?”  
• “How do you know you are doing this correction correctly?”  
• “How do you know that the outcome does not cause new problems?”  
• “What do you do if you have a new problem?”    
The importance of instrumentation cannot be overemphasized and without it problem 
solving may become very costly. Other prerequisites are a good understanding of the 
process, collecting and analysing historical data, team building, good information of the 
equipment conditions and good information of the feedstock. Team building is im-
portant because many extrusion problems are complex and solving them requires input 
from different departments (maintenance, engineering, purchasing etc.). Construction of 
a timeline, which includes previous processing information from the extruder (tempera-
tures, pressures, motor load, line speed, barrel dimensions, screw dimensions etc.), in-
formation from the raw material and other variables, is a good tool for solving problems 
under current conditions. It helps in comparing current conditions to previous ones and 
facilitates identifying what changes in conditions upset the process. In Figure 15 is an 
example of the timeline. (Rauwendaal 2014, p. 763-767.)  
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Figure 15 The timeline collects historical data and leads up to the current problem 
(adapted from Rauwendaal 2014, p. 766) 
According to Mann (2010, p. 164) every problem solving process, no matter whether it 
is a mechanical extrusion problem or a product problem, should follow the following 
format: 
1. Identify and define the problem 
2. Quarantine the problem and take other immediate remedial actions 
3. Involve the appropriate, knowledgeable people 
4. Conduct the root cause analysis 
5. Identify root cause solutions, asses them and test the preferred alternative 
6. Implement the root cause solution 
7. Monitor and revise the solution as indicated by performance data 
When an extrusion problem occurs, the worst solution is trying something without a 
valid reason. The next worst approach is “gut feeling” that is based on experience or 
something that has been done or seen previously. A better approach is to ask a fellow 
employee if she/he has had a similar problem before. The best way is to use scientifical-
ly surveyed sources. The appendices A-C show some of the most common mechanical 
extrusion problems, product problems and profile and pipe problems, possible causes 
and corrective actions. One should bear in mind that when making any changes it takes 
time to reach from extrusion line to equilibrium. If a change does not have an effect, it 
is recommended to go back to the beginning before changing a new variable. Samples 
should be taken from each processing condition change to determine the best direction 
to take for future process changes. Systematic documentation is extremely important 
and every line needs its own log book. (Giles et al. 2005, p. 221-225.) 
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3.5 Scrap in Extrusion Process 
When comparing the benefits of reducing scrap material to reusing regrind, it is obvious 
that prevention of scrap is the primary option. It is economically profitable because with 
plastic products, materials costs may cover over half of the price of the end-product. 
“Producing waste” consumes energy and increases the work contribution to processing. 
Taking into account waste management taxes, which can be hundreds of euros per ton, 
there is no question what is the best choice economically. 
There are four main sources of pre-consumer scrap material: start-up material when the 
extrusion process has been brought to equilibrium, shut-down material when the run is 
finished, products that do not meet customer specifications and scrap generated by er-
rors in the extrusion process. (Giles et al. 2005, p. 523.) Problems in any previously 
mentioned extrusion equipment or materials may be a source of scrap. Because of start-
ups and shut-downs it is critical to use efficient change-over methods (Rauwendaal 
2010).  
Analysing scrap in the production starts simply by measuring it and continues by com-
paring it to industry standards (Rauwendaal 2010). Start-up material is tricky to elimi-
nate due to the nature of the extrusion process. It takes time to pull material through the 
machine and find the equilibrium. Also shut-down material is difficult to eliminate in 
change-overs if colour, material or cross-sectional dimensions change. However, with 
the right procedures both can be significantly decreased. Scrap material caused by errors 
in the run and from out-of-specifications products on the other hand are unnatural 
sources of scrap. Many of them have been discussed in previous chapters and will not 
be mentioned in this chapter. Due to material cost being the largest cost factor in most 
extruded commodity products, huge cost savings are possible (Rauwendaal 2010).      
Reducing scrap material starts from controlling the process (Rauwendaal 2014, p. 85). 
Standardized work and good practices in start-ups, turn-downs and change-overs can 
reduce time and lost money. There is no universal start-up or shut-down procedures 
(Frankland 2011). When starting a run everything needs to be prepared before putting 
any material inside the extruder and this should be the focus of the attention. Also when 
shutting down the run, everything should be done as fast as possible to minimize waste 
of material.  
Foam extrusion is a way to make lighter products and reduce material costs. It should 
still be remembered that it requires a substantial technical expertise and process know-
how. The development work can take years and require effort and money to achieve a 
stable extrusion process with quality products. This is why the foam product process 
will not always pay for itself. (Rauwendaal 2014, p. 763.) 
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3.6 Using Recycled Plastic Materials 
Many drivers push the use of recycled plastic materials and making this possible is also 
the most important part of a closed-loop system. It is true that the main drivers of mar-
ket pressures are customers and competitors. The legislative environment also creates 
new pressures and opportunities for enterprise. (Slack et al. 2001, p. 76.) Recycling can 
be a strategy and create competitive advantages. For instance Veka, the world’s largest 
producer of PVC-U windows, have used this strategy after Germany changed its legisla-
tion regarding landfill waste. Customers regarded the recycling of end-life-products as 
valuable, Veka gained a sustainable source of cheap materials and insulated itself from 
the oscillating price of new plastic. (Slack et al. 2001, p. 77.)  
Plastic waste can be divided by formation type into two categories; pre-consumer and 
post-consumer waste. With PVC, pre-consumer waste covers about 12 % of the total 
volume of the PVC waste (in the EU). Post-consumer waste covers the larger percent-
age, about 88 %. Recycling of pre-consumer PVC-waste is better due to the lower col-
lection and processing costs and 85 % of pre-consumer waste goes to recycling. The 
post-consumer waste recycling rate is much lower, only circa 3 %. (Brown et al. 2000, 
p. iii.) In Finland about 57 % of PVC waste is plasticized and 43 % is rigid form (Poro-
pudas 2011, p. 3).  
Recycling of PVC waste became topical in the beginning of year 2016. It has been de-
fined in the Finnish Waste Law’s Act 331/2013 that after 1.1.2016 organic and biode-
gradable waste with a concentration of carbon of more than 15 % (according to the total 
amount of carbon or the loss of ignition) is forbidden to be placed in the landfill. (Gov-
ernment Decree on the landfill of waste 331/2013, 53 §.) New legislation complicates 
post-production waste management. Still, eliminating all PVC-waste is almost impossi-
ble due to the nature of the process. Also recycling all PVC-scrap may be difficult to 
implement partly due to the large size of the scrap. For instance start-up waste may be 
too large-sized for grinding. (Window Industries 2008.) 
The economics of the recycling process is given in the following equation (Brown et al. 
2000, p. 17): 
Net costs of recycling = Gross costs of recycling - Income from sale of recycled materi-
al or Value of recycled raw material when used in production 
Gross costs of recycling = Mobilization costs + Processing costs 
With pre-consumer waste the role of mobilization costs is smaller than with post-
consumer waste because there are large quantities of recyclable materials available. 
Processing costs are also smaller with pre-consumer waste because usually there is no 
need for washing or cleaning and the batches contain only one type of plastic material. 
The recycling process is profitable when gross costs of recycling are smaller than the 
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income from sale of the recycled material (the price of recycled PVC is about 70% of 
the virgin material price). (Brown et al. 2000, p. 18.) 
3.6.1 Methods 
Plastic recycling can be divided into four main categories shown in Table 1 below. The 
primary method is mechanical recycling into products with equivalent properties. The 
secondary method is mechanical recycling into products with lower properties. The Ter-
tiary recycling method is chemical recycling into chemical components and quaternary 
method means usually incinerator. Plastics have a good calorific value but recycling has 
been shown to save more energy than that produced by energy recovery (also when tak-
ing into account energy used to collect, transport and re-process plastic). In theory most 
thermoplastics can be recycled in the closed-loop system, especially in the case of pre-
consumer waste, stabilized against degradation during reprocessing and subsequently. 
Other options are landfill (the most unwanted), re-use and in the case of biodegradable 
polymers recycling back to nature. (Hopewell et al. 2009.)  
Table 1 Terminology used in different types of plastics recycling and recovery 
(Hopewell et al. 2009) 
ASTM D5033 Definitions Equivalent ISO 15270  
Definitions 
Other Equivalent Terms 
Primary recycling Mechanical recycling Closed-loop recycling 
Secondary recycling Mechanical recycling Downgrading 
Tertiary recycling Chemical recycling Feedstock recycling 
Quaternary recycling Energy recovery Valorization 
 
General mechanical recycling process steps are shown in Figure 16 below. The first 
stage is mobilization which includes collection and sorting of waste. The second stage is 
processing and its steps are dismantling, cleaning, shredding and extrusion. Dismantling 
is required only when the product consist of two or more incompatible plastics or is too 
big for shredding without cutting it into pieces. (Brown et al. 2000, p. 16.) The size of 
the plastic item determines the size and type of equipment required. If possible, shred-
ding should be done in another building or room to minimize the noise, dust and the risk 
of cross-contamination (Giles et al. 2005, p. 523.) Shredding is used to reduce size and 
increase the surface area enough to enable re-processing. After shredding flakes are 
often ready for re-processing. Another option is to extrude flakes with new stabilizers 
into pellets that can be re-used. (Brown et al. 2000, p. 16.) 
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Figure 16 The stages of mechanical recycling of plastic waste (adapted from Brown et 
al. 2000, p. 16) 
Chemical recycling is less sensitive to unsorted or dirty plastic waste but its big disad-
vantage is that it may consume more energy than it relatively produces. The idea of 
chemical recycling is to break up polymer waste into chemical components by heat, 
chemicals and other agents. The chemicals produced can be used in petrochemical in-
dustries. (Sadat-Shojai & Bakhshandeh 2010.)  
3.6.2 Recycling of PVC 
In this master’s thesis PVC is a major point of interest due to the legislative environ-
ment. It is also the most used raw material in the case company’s production. As stated 
before, recycling of PVC becomes desirable because its high chlorine content prevents 
it from being used as a source of energy in incinerators. In addition, the possibility of 
toxic dioxin and furan formation makes PVC burning very difficult. Separation of PVC 
waste from other plastic is important because polyolefins (mainly PE) have a poor com-
patibility with PVC. It is possible that the polymer has already partly degraded or even 
cross-linked in the course of past heat treatments and/or service. Degradation leads to 
changes in the molecular weight and distribution which affect the mechanical properties 
of PVC. With plasticized PVC the stabilization system needs to be known. Collectively, 
it is important to have detailed information about PVC scrap before using it. (Chanda & 
Roy 1998, p. 975-977.) 
Shear stress during mechanical recycling often leads to the fusion of PVC plastic parti-
cles and significant changes in the original structure into a network of entanglements. 
This affects both physical and mechanical properties. (Sombatsompop & Thongsang 
2001.) Thus, PVC has a limited thermal and photo stability. Additional stabilizers may 
be used to prevent dehydrochlorination and discoloration because the amount of prima-
ry stabilizers often decreases during reprocessing. This leads to a reduction in properties 
with temperature alterations and, in particular causes a diminution in mechanical prop-
erties. PVC also easily turns from yellow to brown (or even black) at relatively low 
temperatures. This decomposition happens when the elimination of hydrogen chloride 
(HCl) leads to formation of one double bond and a polyene sequence in the backbone 
(see Figure 17). These polyenes (a mean length 5-25 conjugated double bonds) absorb 
visible light and cause colour changes. (Sadat-Shojai & Bakhshandeh 2010.)   
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Figure 17 Formation of double bonds which leads to a change in colour (Sadat-Shojai 
& Bakhshandeh 2010) 
A recommended ratio of virgin PVC and recycled PVC flakes depends on the desired 
properties. Sombatsompop and Thongsang (2001) have studied this from the rheologi-
cal, morphological, mechanical and thermal properties point of view. They found that 
adding the recycled PVC into the virgin PVC resin caused an increase in melt shear 
stress and a decrease in MFI. The die swell ratio did not change with the PVC blend. 
They also found that the higher the recycled PVC loading was, the greater the hardness 
and density of the blends were. Also the glass transition temperature, the heat deflection 
temperature and the degradation temperature depend on the used PVC blend ratio. Sa-
dat-Shojai & Bakhshandeh 2010.) 
The optimal ratio of virgin and recycled flakes depends on wanted properties. The best 
ratio for getting the highest Shore hardness is about 80 % recycled PVC and 20 % vir-
gin PVC (pipe PVC). This is due to the higher density of recycled PVC which possibly 
is associated with the degree of gelation which occurred during compounding. The same 
ratio is also good for getting the optimal impact strength. For the best ultimate tensile 
strength 20 % recycled flakes and 80 % virgin PVC is recommended. The sample with 
the higher impact strength showed ductile fracture and with lower impact strength the 
sample was showing some indications of brittle fracture in Scanning Electron Micro-
scope-micrographs. The glass transition temperature decreased when the amount of re-
cycled PVC flakes increased. The same effect was noted with the heat deflection tem-
perature and the degradation temperature. Recycled flakes had greater viscosity and 
lower MFI (higher shear stress) which is probably because recycled PVC had more pro-
cessing time and this makes its molecular structure more compact and dense. (Sadat-
Shojai & Bakhshandeh 2010.)    
3.6.3 Common Problems When Using Recycled Plastic 
Crystalline polymers lose part of their mechanical properties within heat aging. This is a 
key phenomenon that should be taken into consideration when using recycled raw mate-
rial. This was explained in relation to PVC in the previous chapter. Another reason for 
mechanical properties failure is micro crack formation on the surface. This is due to 
oxidation and controlled by diffusion. Heat aging can be avoided (or limited) by stabi-
lizers but the amount of primary stabilizers in old material is usually low. The re-
stabilizer recipe depends on polymeric matrix type, polymer morphology, structure and 
type of targeted application. (Kartalis et al. 2002.)  
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Poropudas (2011, p. 40) has listed with reference to The European Council of Vinyl 
Manufacturers website problems regarding recycled plastics. Polyolefin, PS and PET 
have been showing discoloration which is due to oxidation and formed double bonds 
but can be corrected with stabilizers. Another problem is changes in MFI. That can be 
too high (polyolefin, due to decomposition) or too low (polyolefin, due to cross-
linking). As noted before, Sombatsompop and Thongsang (2001) also found that the 
melt flow index decreases when the proportion of regrind PVC content grows. On the 
other hand, Meskanen & Järvelä (2000) have shown that cleavage of chains leads to a 
decrease of melt viscosity, widening of the molecular weight distribution and an in-
crease of shear thinning. These can lead to over-occupancy and flashes. When MFI is 
too high, a possible solution is to use process stabilizers to prevent decomposition or use 
repairing molecules. Alternatively when MFI is too low, material can be mixed with 
another material with higher MFI. Another solution is to use process stabilizers to pre-
vent cross-linking. (Poropudas 2011, p. 40; The European Council of Vinyl Manufac-
turers.) 
Other problems are formation of smells, distribution of blends to lamellas and defects 
on the surface of the material.  Smells are due to impurities and decomposition and can 
be avoided by using a vacuum during processing and also by using process stabilizers. 
Formed lamellas are due to incompatible components. This can be solved by using 
higher shear forces in the process and using compatibilizers. Defects caused by impuri-
ties, volatiles or decomposition can be avoided with a better filter system, processing in 
a vacuum or using process stabilizers. It was noted earlier that aging and micro-crack 
formation on the surface of the material is one source of poorer mechanical properties 
and impurities are one reason for this. This can be avoided by using a filter system. 
(Poropudas 2011, p. 40; The European Council of Vinyl Manufacturers.) 
Regrind has a lower bulk density which can cause problems if regrind is used in large 
ratios. Typically extrusion screws can handle a range of bulk densities but if it (regrind 
and virgin material together) grows to 20-25 %, extrusion problems probably occur. 
This is due to feed-section channels having a specific volume and if the entering mass 
which depends on the bulk density varies; the output of the extruder becomes unstable. 
The easiest solution is to use regrind with such low ratios that it has a minimal effect on 
processability. Another solution is to use a higher compression ratio than is required for 
an all-pellet feed material. This is not easy, because the bulk density and flow-properties 
should be determined for each regrind ratio and batch. (Frankland 2013.) 
Due to variability in the study results and possible difficulties during processing exper-
imental work is needed before using regrind in the product runs. It should be made sure 
that the properties of partly recycled products are acceptable. (Giles et al. 2005, p. 523.) 
On the other hand Poropudas (2011, p. 88) studies show that changes are not signifi-
cantly different (for instance the glass transition temperature increased from 53 °C to 55 
°C) and do not  greatly affect the product.  
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4. RESEARCH METHODS 
The research was challenging because I did not have any knowledge about internal op-
erations (production, recycling, R&D, etc.) before starting. On the other hand this was 
an advantage because the current state and its development issues were able to be stud-
ied in a new light. An overall picture about the current state was built step by step. The 
research process is shown in Figure 18.  
 
Figure 18 The research process, the horizontal axis represents time and increasing 
knowledge  
The research started by gathering input (used materials and the share of regrind) and 
output figures from the production process (products, the share of made regrind and the 
share of waste) from the information systems of the case company. This revealed the 
extent of the scrap problem; how much scrap is formed, what the share of made regrind 
of scrap is and how much regrind is actually used. At first the basic operations were 
explored by working in the production. During the research also participating and non-
participating observation was done to get a deeper knowledge of the operations. The 
research process continued with interviews, analysing them, building the current state 
and its development issues and devising solutions to factors that prevent the closed-loop 
system from being completed. Literature was used to map what the closed-loop system 
requires, what the successful extrusion process requires and how plastic waste can be 
recycled inside the factory. During the research two questions were continuously asked: 
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• What affects the formation of scrap - how eliminate scrap-waste? 
• What affects the use of regrind - how to increase used regrind?     
Both of these have to be true in order to be able to achieve a closed-loop system. Re-
search inside the company and the role of literature is viewed closer below. 
4.1 Research within the Company 
The aim of the research was to find factors that cause scrap and factors that affect the 
use of regrind and find new approaches to production, which help to reduce the amount 
of waste material and help to use it again in the process. The attempts to reduce the for-
mation of scrap in the company have not been fully successful. New products come to 
production with a high frequency and the range is large. This is challenging because 
sometimes it takes a long time to find the right material, extrusion conditions and 
equipment to produce products with a low scrap-percentage. At the same time formed 
scrap should grind to high quality regrind and be reusable. Reusing is difficult because 
if any extrusion problems occur, they cause new scrap. In the desired closed-loop sys-
tem the formation of scrap is under control, the use of regrind reliable and efficient and 
all plastic waste can be recycled within the company. 
The research was mostly qualitative. The case company has a Business Intelligence-
program (BI-program) and an Enterprise Resource Planning-program (ERP) but the 
problem is that the information in these programs is not reliable enough to make long-
term conclusions by only using statistical data. Measuring methods have changed and 
for instance calculation of scrap percent is different now than when compared to a year 
ago. Because of this it was not considered reliable to use computational methods to op-
timize the process. 
4.1.1 Steps of the Research 
In September when the research was started, the process where a closed-loop system 
should be put into practice was totally unknown. An overall picture had to be built be-
fore problems could be spotted. Working short periods in the production came across as 
the best method to get to know production operations because fundamentally the prob-
lem is very practical. It was also necessary to understand the employees’ daily job. It is 
important that the planned new methods are easy to follow because overly difficult and 
laborious activities will be ignored in the long term and render the solutions useless. 
When the employees feel that they are considered in the improvement of the processes, 
they comply more with the rules and the processes will not begin to revert back to how 
they were. Starting the research from the base of the hierarchical pyramid was also the 
right approach in the view of Lean-philosophy because according to it information 
should move to upstream. During the work phase notes were written in a note book. 
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In addition to working on and knowing the internal processes, the input and output of 
the process were studied at the beginning in September. Sankey diagram was created in 
order to understand the process efficiency and the shares of different inputs and outputs. 
Made plastic waste, made regrind and used regrind were indicators of the extent of the 
problem. In this step the ERP and BI-programs were used to get material reports.  
Participant and non-participant observation was started in September and continued 
until the beginning of January. Non-participant observation served the purpose under-
standing current practices in the production and other functions around it. It consisted of 
taking part (listening and watching) in daily morning meetings, weekly meetings, in one 
meeting about material management (the aim was to solve the problem about lost mate-
rials and shortages) and in one meeting with a waste management company. Daily 
morning meetings were a great way to observe what problems repeated often in the pro-
duction that also caused scrap. It was also a good way to observe how systematic opera-
tions and the use of regrind were. Non-participant observation was non-structural but 
notes were always written. Notes were also analysed and the number of issues was fol-
lowed (for instance how many times raw materials ran out during an extrusion run). For 
some issues photos were also taken (waste skip, the current state of warehouse etc.). 
Participant observation consists of free non-constructed discussions with employees and 
officers. Also these were written down in a note-book. By using both of these tech-
niques a picture of the “As-Is” process was formed. It was appropriate to take a neutral 
approach; listening rather than actively suggesting change. If the role of the researcher 
had been too active, the observed situations would not have been “authentic”.  
Also the use of the BI- and ERP-tools was started in September and continued until the 
end of the research. Made and used regrind, scrap per item and scrap per tool were fol-
lowed on a weekly basis and documented once a month in Excel files. If something un-
usual (for instance a very big scrap percentage of product) was noticed, it was investi-
gated what the root cause was for it.  Observations were written down in a note book. 
The Visual Planning & Production Follow-Up program was useful for spotting prob-
lems with extrusion runs, to see how much time was used to quality rejects or because 
of lack of resources. The root causes behind significant issues were analysed. The issues 
and reasons behind them were also recorded in a note book.  
In October, when a rough picture of the production processes and the company was in 
place, interviews started in order to get a more comprehensive picture of problem areas. 
The interviews were a good way to map the long-term problems because the research 
time was relatively short. The interviews revealed the areas where attention should be 
paid (preliminary topics to Chapter 5). In October also a visit was paid to an internal 
supplier in southern Finland. The aim was to understand the value chain better and in-
vestigate if there is something to take into account when redesigning the production 
methods. The visit included a guided tour of the raw material preparation unit, which 
was recorded by taking notes and performing a group interview.  
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The interviews were completed in November and then analysed. Clarifications included; 
what is the reliability and validity of the mentioned issue (things that cause scrap or 
hinder the use of regrind), what are the root cause(s) of it, what is the role of it in the 
bigger picture and in the closed-loop system, who or what processes can affect to it and 
what other things should be taken into consideration. By using this information, through 
personal observations, with the help of Visual Planning & Production Follow-Up-
program data (significant quality rejects that caused also a lot of scrap) and BI-program 
data (unplanned big scrap per item-records, used regrind), a rough outline for Chapter 5 
was done.  
The previous research process continued in December and Chapter 5 was finished. 
Again, participant and non-participant observation were done to get a deeper insight 
into the problems. The BI-tool gave valuable information about big scrap percentages of 
certain products and made versus used regrind. Rough results were presented and ac-
cepted in the Executive Committee meeting in the middle of December.  
In January (and partly already in the end of December) solutions to collected develop-
ment issues were outlined. In this step all collected observations, analysed interviews, 
literature and information from the BI-tool was used. In the most important role were 
Lean-literature and the four rules by Spear and Bowen (1999). Also documentations 
about interviews carried an important role. It was critical to map all relations between 
the noticed variables and problems (what is the real root cause and what contributes to 
it). By mapping variables, finding sources of scrap and mapping links to current em-
ployee responsibilities, it was easier to share new responsibilities fairly and create pro-
cess control methods without blind spots. Standardized and easy to follow directives 
were important in order to minimize negative effects (scrap, un-used regrind) and in-
crease the share of regrind. 
In the end of January the master’s thesis was sent to pre-examination and at the end of 
February the corrections were made to the content. After that the master’s thesis was 
sent for grammar and orthography check. The final version was ready in the March.   
4.1.2 Interviews 
Interviews were important to view the research problem from different perspectives and 
to map relationship between operations. Because the company and the extrusion process 
were unknown to the researcher, it was vital to interview people who have a long work-
ing experience. They gave valuable information about basic things that should be taken 
into consideration about production. This helped to set out a framework (like what are 
responsibilities of employees, what are daily works, etc.). But more important was that 
they outlined daily problems that cause scrap or affect the use of regrind. That infor-
mation was used for topics in Chapter 5.  
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Theme interviews were used in the research. The reason behind the decision was that it 
let people speak freely about the topic. It was not always clear what the problem is and 
some perspectives and issues were hidden, so it was a good way to let people tell all the 
things that affect their work and what they see as important in reducing waste material 
and increasing its re-usage. The theme interviews did not contain any ready lens or atti-
tudes as to how things should be done. It has to be remembered that people uncon-
sciously see things mostly from their perspective. Sometimes people had strong atti-
tudes and feelings, so it was necessary to filter information to get reliable results. 
(Hirsjärvi et al. 1997.)  
The people who were interviewed were chosen around the production process, which is 
the platform where a closed-loop system finally should be installed. In this context it is 
like a steam engine and other support functions keep it going forward. These support 
functions include purchasing, production planning, warehouse and inventory manage-
ment, internal logistic and quality control. Interviewed were:  
• two profile manufacturers (production) in separate interviews 
• one trimmer (production) 
• two officers from the internal supplier in a group interview 
• one shift leader (production) 
• one person responsible for material and inventory, who also worked in internal 
logistics 
• two people from maintenance 
Financing, sales or governance were not included in the scope of the research. Product 
development is not a factor in master’s thesis markings and that is why no interview 
was done with them but interviews were replaced by free discourses. Overall, a product 
development should be synchronized to production to minimize waste, speed up the 
development of new products and finding effective ways to produce new products, but 
there was not enough time to study this area at length. 
The topics were chosen to cover as many areas as possible. This was done because the 
importance of each area with regards to a closed-loop system was not certain. If the in-
terview topics would have been too limited, some important issues would not have been 
covered in the research. Before real topic questions, an easy question was asked to get 
make people feel relaxed and confident. It was: “What are your main tasks and respon-
sibilities?” After that one question was asked on each of the following themes:  
• often repeated issues in the production that cause scrap 
• troubleshooting 
• handling of scrap after it has formed 
• the use of regrind 
• quality control 
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• new products 
• information flows 
• continuous development  
Generally almost similar questions were asked of all interviewees, but depending on the 
function of the interviewee some questions were skipped or highlighted. For instance 
with maintenance a topic about often repeated machine problems that cause scrap was 
highlighted, but the question about quality control was skipped. 
Questions were asked neutrally. For instance a question about quality control was not 
“What problems are there in the quality control?” Usually it was “What do you think 
about current quality control procedures?” or “Can you tell me about current quality 
control procedures, please?”  By asking neutral questions the aim was that the problem 
did not seem larger than it was in reality. The questioning technique largely affects the 
reliability of the answers because when asking in a negative manner, some good things 
may be forgotten and the situation looks worse than it is. In the beginning of each inter-
view it was said that questions are only suggestive and people are free to talk about eve-
rything that comes into their mind about scrap or regrind. This was done to avoid a situ-
ation where something important would have been left outside the interview. 
Interviews were recorded (an average length was one hour) and permission for that was 
always asked in the beginning. Only one interview was not allowed to be recorded. In-
terviews were listened to later and transcribed. After that they were analysed by high-
lighting important things and making mind maps. Again, the aim was to highlight issues 
that cause scrap or affect the use of regrind.  
The most important results of the interviews can be seen in the Chapter 5. However, it 
was noticed that:  
1. Raw material purchase should be partly more integrated to the production pro-
cess 
2. Extrusion of established products need more standardized and controlled ap-
proaches 
3. Putting new products into production is fairly difficult 
4. Re-use of regrind is tricky 
5. Vertical information flows needs fine-tuning  
6. Involving employees has an important role.    
The answers were weighed up as to reliability and validity. Reliability means how relia-
ble and repeatable results are. It can be divided into two categories; stability and con-
sistency. Stability means how long-lasting the used method is. Consistency measures 
how good the correlation is between results if propositions are shared to two groups. 
(Hiltunen 2009.) Stability should be treated with caution because for example the mood 
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of the interviewee influences the results. An attempt was made to separate the effect of 
the mood of the answer but sometimes it was hard. Because all interviewees were un-
known to the interviewer, it was hard to say, if they were tired, angry, or something else 
that could affect the results. 
Consistency was also an important thing to take into consideration because the perspec-
tive of the production employees and officers is very different. It was possible to see 
that employees were sometimes tired and frustrated if they had faced problems recently. 
Officers of course also face extrusion problems and help to solve them but their work is 
also much lighter. Frustration is what differentiates these two groups. That makes the 
consistency between interviewed people weak.    
Regarding reliability it should be remembered, that what people have encountered only 
a little while ago, gets more importance than things that people have encountered a 
month ago. For instance if some extrusion problem had occurred, even if it happened 
only a few times in the year, it would seem important. Also things, with which they of-
ten struggle, feel more important even if they are not so significant in the bigger picture.  
Validity means whether a method measures the phenomenon that we want to explore. 
That depends on how good questions an interviewer has prepared and whether the target 
population has been chosen well. (Hiltunen 2009.)The validity of interviewees was pret-
ty good because they are those persons who in practice affect the flow of material. The 
chosen interview method, theme interview, helped with the validity of questions. Ques-
tions are flexible and people have a possibility to give more freely of their opinions 
when compared to a very structured interview with a selected list of questions.  
The interviews were processed anonymously. Names or dates of interviews are not pub-
lished to guarantee interviewees' anonymity and free expression of opinion. If dates had 
been published, it would have been possible to link the date to the interview booked in 
the calendar. For this reason interviews are not included in the references. 
4.2 The Role of Literature 
Literature was part of the research from the beginning until the end (see Figure 18). 
With the help of the literature the requirements of a closed-loop system and successful 
extrusion operations were outlined. The study of Lean-philosophy methods was neces-
sary for solving the research problem.  
It was hard to find suitable literature concentrating on a closed-loop system. Most litera-
ture was focused on an environmental perspective, which of course is important, but 
much harder was to find literature about the closed-loop system inside factories. The 
solution was to divide the concept of the closed-loop system and its literature into sec-
tions:   
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• Processes - Lean-philosophy and a closed-loop system requires process- orien-
tated thinking 
• Lean-philosophy - strategy of how a closed-loop system could be achieved 
→ A concept about a closed-loop system and Chapter 2 
 
• Extrusion - a basic knowledge about the case process 
• Recycling - how plastic recyclable inside the factory 
→ The most important things about the extrusion process, recycling of plas-
tic and Chapter 3 
The literature of process improvement was a good starting point. Madison’s book “Pro-
cess Mapping, Process Improvement and Process Management: A Practical Guide for 
Enhancing Work and Information Flow” (2005) was the first book studied. It was a 
good eye opener to what processes actually are.  The process topic was studied in depth 
through articles and studies about processes in business enterprise. After that it was 
supplemented with literature on Lean-philosophy. An attempt was made to find connec-
tions between these, to get comprehensive perspectives that fit the concept of closed-
loop systems. The involvement of the employees was reviewed in the view of processes 
and Lean-philosophy. The Chapter 2 covers concepts of processes, Lean-philosophy 
and a closed-loop system. 
It was decided to divide literature and theory into two different chapters. Chapter 3 is 
purely related to material and extrusion equipment. Material and extrusion handbooks 
were used to find out material and equipment characteristics around the research prob-
lem because generating the closed-loop system requires a good knowledge of both. 
Guidelines of troubleshooting procedures were written by using handbooks because 
they were problematic at the case company. Extrusion troubleshooting has also a critical 
role with regards to scrap. The tables regarding troubleshooting are an attempt to get a 
systematic and scientific basis to the complex and variable extrusion process. 
Recycling of plastic was studied only with the help of literature and previous studies 
because there was no time for trials. It was investigated what changes happened during 
plastic recycling because at the moment it has not been studied with scientific methods 
and has many problems. The use of regrind has to be reliable and not cause scrap be-
cause using regrind blindfolded makes the problem worse than new scrap. Many things 
like changes in MFI, different bulk density when comparing to powders or granulates 
and colour changes were discovered. These all should be taken into consideration when 
effective use of regrind is achieved. The problem with this area was that many studies 
have been done about post-consumer waste but much less about pre-consumer waste. 
Changes in plastic during processing are also very unique, which affects the reliability 
of the results. Sometimes results were opposite in different studies. This underpins the 
importance of experimental study of correct regrind ratios in the production.  
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5. THE CURRENT STATE IN THE CASE COM-
PANY 
Core functions of the case company are extrusion production, R&D, sales and customer 
service. All operations are customer-orientated due to products having to meet special 
customer specifications. Most of the production follows a make-to-order (MTO) manu-
facturing process and only a small buffer is used with the most important and biggest 
customers. This sets high requirements for production because it has to meet demand 
relatively fast and be at the same time flexible to fulfil customers’ special needs. Also 
production and material management have to be reliable because the delivery times 
from suppliers of special plastic raw materials and master batches can take several 
weeks. This kind of business requires also a good knowledge of the customer and active 
communication with them.  
Factors that cause scrap and issues that should be considered during recycling and reus-
ing plastic are listed according to identified areas found through observation and inter-
views. Development issues are divided into their own chapters based on processes 
around a closed-loop system topic. One should still remember that the closed-loop sys-
tem is a strategy, not just a project and it requires the participation of the whole organi-
zation.  
It should be taken into account that the following chapters focus on development areas. 
This should not lead to a misunderstanding that overall things are not well organized. In 
every production there are always development areas and here we will focus on them. 
Many things in production were managed well and this is viewed in Chapter 5.8.     
5.1 Input and Output  
Figure 19 shows a Sankey diagram of input and output materials in the case company’s 
production from year 2014. Percentages express the amount of total input and output 
(kilograms per total input or output kilograms). With the plastic input, numbers in 
brackets indicate the share of the total plastic input. Amounts are calculated by kilo-
grams, which lead to situations that the use of metals and packing materials looks high 
in percentage terms. 
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Figure 19 The Sankey-diagram: inputs and outputs of the production process in year 
2014 (ERP, the waste follow-up report from the year 2014) 
According to the Sankey diagram it is possible to make a material balance for the year 
2014 shown in Figure 20 below. At the top is total input consisting of plastic, packing 
material, metal and master batch and below desired, secondary and unwanted output. 
 
Figure 20 The material balance of the case company’s production of the year 2014 
(ERP, the waste follow-up report from the year 2014) 
Most of the plastics come from the internal supplier. The amount of other plastics con-
sists mostly of engineering plastics. Used regrind consist mostly of made regrind in the 
year 2014, but part of it is from the year 2013 also. Packing materials or metals are not 
considered in the research. In relation to metals, some recommendations have been giv-
en about copper. Master batches are mostly pigments. The relative amount of them is 
small but when taking the high prices into account their usage should also be optimized.   
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2 103 917 kg
Packing Material 64 459 kg 3%
Masterbatch  6 907 kg 0,3%
Metals                                                                        
373 361 kg                                                            
18%
Used Regrind 104 309 kg 5% (6%)
Other Plastics                                                          
146 517 kg 7% (9%) 
Plastic from the Internal Supplier                                                 
1 408 363 kg                                                  
67% (85%) Products                                                          About 1 818 299 kg                                                          
86% 
Made Regrind 128 000 kg 6%
Combustible Waste 18 480 kg 1%
Landfill Waste (PVC) 82 540 kg 4%




Plastics from the Internal Supplier 1 408 363 67 % of Total Input 85 % of Plastics
Other Plastics 146 517 7 % of Total Input 9 % of Plastics
Regrind 104 309 5 % of Total Input 6 % of Plastics
Total Plastic Input 1 659 189 79 % of Total Input
Masterbach 6 907 0.3 % of Total Input
Packing Materials 64 459 3 % of Total Input
Metals 373 361 18 % of Total Input
Total Input 2 103 917 100 %
OUTPUT [KG] [%]
Landfill Waste (Mostly PVC) Unwanted Output -82 540 4 % of Total Output
Sold Regrind Unwanted Output -56 598 3 % of Total Output
Combustible Waste Unwanted Output -18 480 1 % of Total Output
Made Regrind Secondary Output -128 000 6 % of Total Output
Total Desired Output 1 818 299 86 % of Total Output
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Sold regrind consists of plastics that are not able to be used in the company’s own pro-
duction because of the colour or other unsuitable properties with regards to recycling. 
Made regrind is a questionable input because according the concept of the closed-loop 
system, it is more desirable than landfill waste, but it is not either primary output. De-
sired output is calculated by subtracting unwanted output from input. Another way 
would have been to calculate it by taking produced profiles in metres and multiplying 
that with the meter weight. This was a too complicated method and in this context rough 
numbers were informative enough.    
5.1.1 Used Materials 
This chapter takes a look at the raw materials used in 2014. The material review is done 
to get an overall picture of plastic raw material input, the extent and variety of it and 
how material usage is divided. When the range is widened, the flexibility to meet cus-
tomer specifications increases, but at the same time, the material and inventory man-
agement becomes more difficult. When the variety of raw materials is huge, the infor-
mation management about raw materials become more complex. However, in a subcon-
tracting company it is more important to tailor raw material recipes to the most im-
portant customers.  
Table 2 lists the ten the most used plastic raw materials in the year 2014. As can be seen 
from the table, there is one plastic raw material MD-100125 that is above all others that 
is consumed (17 % volume). Prefixes MD and MC tell that raw material is made by 
internal supplier with the exception of R-4000278 and R-4000277 that also have been 
prepared by them. With other materials prefix R means plastic from an external suppli-
er. Prefix G tells that material is regrind (not shown in the table). The problem, which 
we will review later, is that the number code after a prefix is not same with a virgin ma-
terial and relative regrind. That makes the connection indistinct.     
Table 2 Top 10 plastic raw material consumption (ERP) 
Plastic Raw Material Consumption [kg] Volume of Total Plastic Consumption 
MD-100125        287 786 17 % 
R-4000278         143 511 9 % 
MC-100010        108 798 7 % 
MC-100009        99 635 6 % 
MD-100079        98 085 6 % 
MC-100172        68 192 4 % 
R-4000277         47 022 3 % 
MD-100154        39 439 2 % 
MC-100044        39 423 2 % 
MC-100040        37 224 2 % 
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In year 2014 there were 64 different raw materials used with consumption over 1000 
kilograms. Total number of different plastic raw materials with own recipes is huge, 
182. Of these raw materials 128 were made by the internal supplier and last 54 raw ma-
terials were from external suppliers.  
5.1.2 Waste 
In addition to the desired output, there was 14 % undesired output; landfill waste, sold 
regrind, made regrind and combustible waste (see Figure 19 and 20). The primary ob-
jective is to eliminate all of these. The secondary objective is making it possible to use 
landfill waste and sold regrind in the company’s own production. Combustible waste 
consists of combustible plastic and other waste, mostly packaging material. The amount 
of plastic is unknown because plastic is not separated from other waste, but the target is 
to return it to production. However, regrind is an expensive raw material with more dif-
ficult processing properties and it has few prerequisites. Making it possible to re-use 
made regrind in the extrusion is the first thing (with a possibility to feed from two fun-
nels). Another thing is that regrind is used effectively and relatively fast. It takes up 
space and the more regrind there is in the warehouse, the higher the mental threshold is 
to use it. In addition, the material should be at least theoretically possible to re-use. 
There is no financial sense in grind or store material that is not re-usable or that cannot 
be sold.  
As mentioned before landfill waste is mostly PVC waste (rare colours of rigid PVC and 
coloured foam profiles) and start-up scrap. PVC plastic from products combination of 
plastic and copper wire is also categorized as landfill waste due to possible small con-
taminations of copper in the plastic after separation. Copper has a risk of wearing extru-
sion machines. The amounts of theoretically recyclable PVC waste (coloured foam pro-
files and some very rare colours which are not suitable for sale) is unknown but have in 
any case a financial potential. There are not enough big crushing mills available in the 
production for start-up waste. With start-up waste, elimination is at the moment the only 
way to reduce financial loss and environmental impact. Figure 21 shows the typical 
contents of a skip.   
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Figure 21 The typical contents of landfill waste; start-up waste, PVC from products 
with copper wire, coloured foam profiles and rare colour rigid PVC (a photograph 
15.9.2015)       
Regrind that cannot be used in own production at the moment but is recyclable, is sold 
to a recycling company. This volume consists of certain types of PC, PS, PVC, PMMA 
and ABS. The reason why some materials are categorized for sale is that some of their 
properties, like transparency and electrical conductivity change in an undesired way 
during re-processing. Table 3 shows the amounts of sold regrind and the distribution of 
sold material types is shown in Figure 22. 
Table 3 Sold regrind in the year 2014, measured in kilograms and euros (material 




Figure 22 The distribution of sold regrind in the year 2014 (material codes based on 
the system used in 2014 and have partly changed in the year 2015) (BI-program)   
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As it can be seen from the picture and the table, the biggest source of sold regrind is 
rigid PVC. In financial terms and measured in kilograms, it means a proportion of circa 
71 %. This consists of PVC in different colours which are not separated from each other 
and contaminated waste. This raises the question what is the profitable amount of dif-
ferent colours and materials? The more colours there are, the more difficult the re-usage 
is and in turn, product variety flexibility is higher, the customer satisfaction is better and 
more new customers may be obtained. In turn, inadequate handling is the biggest reason 
why rigid PVC has to be sold as secondary raw material. If there were systematic ways 
to separate and recycle also coloured PVC plastic without contamination, it could be 
used in theory.  
The amount of made regrind is continuously measured and followed in the BI-program. 
From the amounts of made (circa 128 000 kg) and used regrind (circa 104 300 kg) can 
be seen that not all made regrind was used in production. The factor causing this error is 
that some of the used regrind had been made in the year 2013 and some of the made 
regrind had been used in 2015.  
The financial potential of reducing waste is huge. In the year 2014, was generated: 
• Landfill waste: 82 540 kg  
• Sold regrind: 56 598 kg 
• Combustible waste: 10 000 kg (Estimated share of plastic from 18 480 kg)  
• Unused regrind per year: 23 700 kg (128 000 kg - 104 300 kg) 
→ Total amount: 172 838 kg 
Table 4 demonstrates four scenarios for eliminating waste and using regrind. Calcula-
tions are based on different uses of made waste and regrind with actual scrap percentage 
from the year 2014. The average value of virgin plastic material is 1.81 €/kg (roughly 
estimated: value of made scrap/quantity of made scrap in the year 2015). Due to this 
supposition the calculations are not exact (plastics have different kilo prices) but are an 
indicator of saving potentials. The average value of regrind when compared to the virgin 
material is 70 % (Brown et al. 2000, p. 18). The average selling price of regrind is 0.18 
€/kg. The landfill cost was circa 0.19 €/kg (VAT 0 %) and for combustible waste the 
cost was about 0,066 €/kg (VAT 0 %). 
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Table 4 Four scenarios for using regrind (data is from the year 2014, based on actual 
scrap percentage) (ERP, BI-program) 
Scenario  Value/ Loss [€] 
The Loss When Compared 
to Scenario 1 [€] 
1. Total amount that would have been used 
in own production (The estimated value of 
virgin material) 
312 837   
2. Total amount that  would have been 
used as regrind in own production 218 986 - 93 851 
3. Total amount that would have been pos-
sible to sell 31 111 - 281 726    
4. Current state (Estimated that unused 
(mostly mixed colour) regrind is sold) -1 752 - 314 588    
 
The current state based on following points: 
• Landfill waste: 82 540 kg * (- 0,19 €/kg) = -15 683 € 
• Sold Regrind (see table 6): + 10 325 €  
• Estimated combustible plastic waste: 10 000 kg * (- 0,066 €/kg) = -660 € 
• Unused regrind if sold as secondary raw material: 23 700 kg * 0,18 €/kg = 
+4 266 € 
→ The sum: - 1 752 € 
There is over 314 000 € savings potential in waste and regrind due to high landfill costs, 
combustible waste costs and poor returns from sold regrind. In addition time, labour 
hours, space in the warehouse and other indirect costs (electricity, insurance etc.) allo-
cated to plastic material could be eliminated. (This is based on the supposition that re-
grind is stored in the warehouse after grinding.)  
5.2 Raw Material Purchase 
Plasticized and rigid PVC are prepared in the internal supplier’s production. Also both, 
powder and granulated forms are prepared. The whole process is very automatized and 
mostly operated from a control room by using a special program. Only small amounts of 
additives are manually added. Also the cleaning of mixers is done manually. When 
changing a prepared raw material for another, some amount is poured into a waste bag. 
Produced raw materials are shipped in big bags. The bags used in the raw material 
transportation are shipped back to the internal supplier after they have been emptied in 
the production. In theory this system is one possible source of scrap if there are contam-
inations of old material remaining in the bag, but this was not seen as a problem as they 
were sorted before refilling. 
Based on interviews and conversations in the case company there were different experi-
ences in relation to homogeneity of the raw material produced by the internal supplier. 
Some employees had experiences that sometimes when changing a raw material bag 
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during a run, an extrusion was disturbed due to different melt flow properties. Other 
employees said that this effect was stronger with powders than granulates. Especially 
with PVC-P the problem is highlighted. Material and sharp corners set high require-
ments for quality. Employees working with PVC-P felt that the problem did not exist 
before when using an external material supplier. Nowadays occasional contaminations 
hamper the extrusion runs.     
The question about homogeneity of the raw material is problematic because some em-
ployees did not have the same experiences and no studies were made on the question. It 
was also possible to see some confrontation between the internal supplier and the pro-
duction. The difference in opinions regarding the heterogeneity of the raw material 
could also be explained by the skill levels of employees or other misconceptions. What 
is also important, some employees, who thought that raw material is partly heterogene-
ous, felt that they are not listened to and their opinion does not seem to matter. The em-
ployees working with extruders and raw materials are good sources of information 
when there is something unusual in the process.  
There is an inadequacy with the internal reclamation system. This has slightly improved 
but is not systematic and automated enough yet. There was no system that would have 
been used in all cases. Sometimes an employee said about problematic material to an-
other employee, who told about it to a shift leader, who conveyed the message to a pro-
duction planner and he called to the internal supplier’s responsible person. Because of 
the many steps before the message gets there, the information gets delayed, there is a 
risk for a broken-phone effect and some relevant information may disappear. According 
to the discursions documentation of the reclamation was not good enough and some-
times when a raw material problem occurred, only the material code was passed on to 
the responsible people at the internal supplier. It requires a much more comprehensive, 
standardized documentation with photographs to solve a root cause and prevent the 
problem from occurring again. Also a lack of commitment could be detected when it 
came to dealing with complaints in the production. It was sensed that this was maybe 
partly because of the absence of a scheme and partly because of prejudices about atti-
tudes to reclamations at the internal supplier. Even though both units belong to the same 
company and concern there has to be a clear and direct customer-supplier relationship. 
Customer’s needs form the basis of what are the value indicators and specifications to 
meet and the number one priority in every process has to be producing the desired value 
to the customer. (Spear & Bowen 1999.) 
5.3 Inventory and Material Management 
When scrap is formed it consumes material but after it is grinded, scrap is transformed 
to new material, regrind. These have to be equal to each other or material is “lost for 
nothing”. Again, this causes errors in stocks, misleads production planning and may 
lead to situations where according to the ERP stock is available for extrusion but in real-
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ity there is not enough material. Furthermore, this leads to formation of scrap due to 
material run-out during extrusion and a new start-up (with start-up waste) is needed.  
Incorrect calculations were another reason why material consumption was not always 
up-to-date.  
5.3.1 Raw materials 
During research it was observed that sometimes raw material test results were obtained 
after the raw material had already shipped from the internal supplier. This is problemat-
ic because if something unusual happens, the mistake has already been passed on. Espe-
cially according to Lean-philosophy this is not the right approach. During the conversa-
tions with employees from the production and officers it appeared that many times even 
if it was noted that the raw material was not primary, there were attempts to use it in 
another application. It sounds like a good way of minimizing the cost caused by the de-
fect of the raw material supply but it may be deceiving. Trying to use a defected or un-
planned raw material in another application where its suitability is not tested by using 
scientific methods, can lead to extrusion problems, formation of scrap and cause other 
spill-over effects.  
Also in some other areas the internal supplier and the case company need better integra-
tion with each other. There were a few problematic products which had been difficult to 
extrude for a few years already. One of these was a brown foam profile. The resin used 
in this product contained pigments and only foaming liquid was added during the feed-
ing process. There were numerous problems; the resin got lumpy and needed sifting 
before feeding, it did not drain properly during feeding and also had extrusion problems 
like excessive swelling. Opinions about the reasons for this problematic behaviour var-
ied a lot; lumps formed during transporting because of vibrations, material got lumpy 
due to pigments or the tool for that particular material was bad. However, the scrap per-
centage of the brown foam profile is more than planned in most of the runs. In addition, 
brown foam plastic scrap (like other coloured foam plastic scrap) ends up in the landfill. 
Attempts have been made to solve the problem but not in accordance with systematic 
and scientific enough methods or plans. Fast and effective actions are of paramount im-
portance, rather than firefighting in the production line. Caused scrap, frustration, de-
creased customer satisfaction and disorder in production could be avoided with faster 
problem solving.  
5.3.2 Facilities 
The company has two main warehouse spaces; one in the second floor above production 
and a tent outside. The former is the main place where materials used in the near future 
are stored. From here raw materials drain by gravity to hoppers in the production, but 
with plasticized PVC raw material suction is used to convey material from a bag or an 
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octabin box on the floor to a hopper. The outdoor storage has few problems in relation 
to material and employees. The temperature variation between summer and winter is 
huge and may affect the properties of the raw material. Also condensation of water es-
pecially in spring and autumn affect the raw material. Mostly only regrind and rarely 
used raw materials, packing materials and some finished products are stored in the out-
door storage. However, this does not facilitate the use of regrind. There is also a psy-
chological effect - “out of sight, out of mind”. It is easy to store regrind out of sight but 
mentally and physically more difficult to pick it up from the outdoor storage. 
One problem with the warehouse facilities is that there is no bar code system with the 
pallet places. Because of this, no exact information about certain material bags is avail-
able. There is a map showing the location of the materials, but the problem with this is 
the fact that when the amount of different materials grows, the conceptualization about 
their locations decreases. Also, because of limited pallet places materials have to be 
sometimes placed outside their own place. In the beginning of the research a too com-
mon problem was that material was lost. This has become much better due to a devel-
opment project started in October. However, the real-time information, which tells 
where a certain material bag can be found and how much of which material is located in 
a certain pallet place would speed up the process of finding the raw materials and make 
the inventory and material management more reliable.   
5.3.3 Calculation of Material Consumption 
Theoretically the required material quantity is based on calculations about produced 
volume and added quantity of scrap. Bill of materials (BOM) tells “the recipe of prod-
uct” and the amounts of raw materials needed. With most products a theoretical scrap 
percentage is 10 %, in other words a yield factor is 0.9. With new products the yield 
factor can be determined to be lower but the target for all products is to get it to the lev-
el of at least 0.9 and later in the future to the level of 0.925. During production infor-
mation is written down, which is needed when calculating the actual quantity. This is 
based on three things: produced metres, a metre weight and formed scrap. Produced 
metres are shown in work order. Metre weights are written down during extrusion de-
pending on the product once every two hours, once an hour or in the beginning and end 
of the run. With foams this is more critical due to bigger variety in metre weights. Scrap 
is weighed in the end of the run or with long runs during the run when the scrap cart is 
full. The person responsible for materials collects work orders, calculates consumption 
and reduces consumption from the balance.  
Weighing metre weights correctly is extremely important. Because this is done manual-
ly on paper, the risk of incorrect balances is real due to human error and negligence. 
This occurred several times during the research. In the beginning of the research, also 
the weighing of the scrap pallets had a risk of being inaccurate. When people changed 
during a shift change, it was not always clear if a pallet had been weighed. The problem 
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with this kind of material consumption calculation is that it does not happen in real-
time.  
Masterbatch bags used in a product are weighed before and after a run. The consump-
tion is calculated by subtracting the end weight from the start weight. This is marked to 
a work order and the person responsible for the material subtracts the consumption from 
the balance. The problem here is that even though the procedure is very simple, there 
were continuously differences in the masterbatch balances. They are used in very small 
ratios (only a few percent) but their high kilo price makes this issue important. During 
the discussions I also heard that sometimes masterbatches were used more than neces-
sary in order to produce a desired product (a general percentage is 2-3 %). It is a waste 
of money to produce over-quality and this habit should be eliminated.        
It was possible to see symptoms of a broken material and inventory management. As 
already stated, sometimes material was lost but more often it ran out or was soon to run 
out during extrusion runs. It was observed that this was very frustrating for employees. 
Sometimes a tool was assembled to the extruder (which can take up to many hours) but 
afterwards it was noticed that there is not raw material even though, according to the 
balance, there should have been. If raw materials run out during a run, it generates extra 
shut-down and start-up scrap, wasted labour hours and causes extra work to find out the 
reason for the shortage. Also, laborious and frustrating regrind inventories once a month 
are signals for the same problem. I took part in one of them and there were relatively big 
variations between the real balance and the balance shown in ERP. Corrections cause a 
lot of extra work which is actually a waste of time and effort compared to a situation 
where material consumption would have been calculated correctly at the first time. 
There is of course a need for inventories but once a month is too high of a frequency 
because this time is taken away from everything else, such as from improving current 
processes (raw material and pigment inventories were done less often).  
5.4 Production Process 
All work in the production shall be highly specified as to content, sequence, timing and 
outcomes (Spear & Bowen 1999). Many symptoms of a broken process could be detect-
ed; the quality was not always as expected, some things took too long, processes had to 
be done many times (scrap), employees felt frustration (design flaws), output time and 
quality varied but it was difficult to react to it, there was a need for continuous reviews 
when production processes were not reliable and the management tried to solve the 
problems through firefighting, but the fires kept recurring (Madison 2005, p. 55-59). 
One source for a broken process is numerous variables. This makes systematic ap-
proaches even more important, because without them and controlled input also the out-
put varies a lot.  
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5.4.1 Extrusion of Established Products 
The interviewees stated that when planning investments, the company is sometimes 
focused on wrong things and the basic machines do not get enough attention. Calibrat-
ing, water cooling and air cooling were seen as too rough when trying to achieve high 
dimension accuracy. Small changes in the water cooling system may cause large chang-
es to product dimensions and if changes cannot be done with a sufficient accuracy, 
meeting the specifications becomes difficult. If there is just an “on/off” options without 
measuring scales, calibrating becomes more or less a hand-feel operation. 
An extrusion process starts when an operator looks up a Visual Planning & Production 
Follow-Up-program and picks up a corresponding work order, a product card and a 
sample. The product card is information input and should be the guide to how the extru-
sion of a certain product should be done. It was discovered through the interviews that 
too often the cards were not up-to-date, they were not clear enough or did not have all 
the necessary information. When the variety expands and people change from one line 
to another, the importance of reliable information is the key. A manual form is may not 
be the best one. Making corrections and adding extra information to the same card or 
folder, makes the reading of the product cards difficult. If there are even nine different 
paper versions in a folder, how is it possible to know which one is the right and the best 
one? Confusing and messy appearance does not make products cards attractive to read. 
This is alarming because too many times I heard in the production that some people do 
not read them. This problem came out also during some of the interviews. Unclear and 
partly outdated product cards had caused also a secondary phenomenon; some employ-
ees have had to make up their “own instructions” about extrusion conditions. This leads 
to a situation where extrusion output is person-related, not consistent. 
Pre-printed work orders may not be the best option due to outdated information about 
material balances. During the work in the production it became obvious that employees 
have to always check the existence of material because the balances in the work orders 
are not up-to-date and can be even weeks old. Another reason is unreliable calculations 
of material consumption. A question arises here; what is the role of the balances in the 
work order if they are not up-to-date? It takes work and presence man hours to go the 
second floor or outdoor storage and check the material balance. Also, pre-printed work 
orders carry a risk of human errors; paper can be lost, forgotten to be printed or forgot-
ten to be brought to the production. It is also an additional operational step and accord-
ing to Lean-philosophy, it is a waste to carry printed papers over to the production, if 
printing can be done in the production.   
Most of the extruders are manual but there are also computerized extruders. At least 
with those there should be ready temperature settings available from a menu. At the 
moment there are too many “hand-feel” searches for the right extrusion conditions, 
which lead to formation of scrap. It emerged during conversations that one reason why 
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the available computer programs were not used properly in the lines where it would 
have been possible, is partly down to employees’ uncertainty about computers. Every 
extrusion machine is unique but there should be at least a common starting point for the 
searches. This is also part of the systematization of the entire process. If there is a wide 
range of extrusion conditions, they could be optimized. The goal is to find the best pos-
sible conditions which are repeated in every case. This is the only way to maintain a 
similar output. It also helps to reduce products that are overweight especially with foam 
profiles because overweight is also a waste of money and materials.  
There were not enough guidelines as to how materials with complicated processing 
properties, like ABS and PC, should be prepared. Drying these materials properly is 
very important to prevent previously mentioned product problems. The product cards 
included guides about drying temperatures but not about drying times or acceptable 
moisture contents. Completing actions blindfolded leads often to unwanted output. As 
time passes, things (such as drying time) have been learned through practice but before 
that it will cause a lot of scrap, frustration and wasted labour hours. This could be seen 
partly in other guidelines and operations as well. The common way to act was to try and 
see what happens rather than acting in accordance with instructions.  
Large-sized scrap is extremely difficult to recycle and because of this there are critical 
steps to be taken at the start-up of extrusion. Care is of the essence during these opera-
tions and for instance people from R&D are talented enough to pull material through an 
extruder with minimal scrap. For others, there should be highly scripted approaches as 
to how it should be done. Every preparation must be done before material is fed in to 
the extruder and all attention should be focused to the line. Also, it is just a fact, that not 
everyone is good enough to start-up difficult product runs. If it is noted that a certain 
employee has too difficult a start-up for him/her, someone should be delegated to help 
with it.  
New products get more priority than old ones. It was possible to see this and in some 
interviews it emerged that sometimes the process of turning a “new higher priority 
product” to an “established - we can handle this - product” was scattered. Because the 
cycle of new products was so fast, older products which still had problems during pro-
duction or with their properties, did not get enough attention. Older products should be 
monitored as long as productability and properties are good enough. Production and 
R&D should solve problems together as long as the quality is good enough and it is 
advisable to do so from the start. I heard that there was a big variation in this matter and 
some R&D people cooperate better than others. Also in the interviews it was noted that 
difficult products were extruded too many times with high scrap percentage but not 
fixed properly. After the run everybody let out a sigh of relief until the same difficult 
product came to the working list the next time. This is repeated many times until the 
product is truly established.  
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Troubleshooting was often more blindfolded than organized. Shift leaders and some 
employees, who were more conscientious, took samples of the section where the prob-
lem occurred, analysed it openly and made corrective actions. But in addition to this, I 
saw “hand-feel” seeking and indiscriminate corrective actions with the mentality “let’s 
try and see what happens”. There was often a rush to intervene in the process when 
waiting would have been wiser. This may make the troubleshooting run in circles. 
Changes that were made (for instance changing nozzles) were sometimes hard to fol-
low. Especially when there had been a long time between the previous and the follow-
ing extrusion run, there was a risk of forgetting about the changes made. And when the 
number of changes without documentation increases, the overall picture may become 
blurry.        
Haste in the production came out in every interview. It is not clear if this is due to badly 
directed resources, lack of resources or just a feeling. But there is one important point - 
Is the time really spent on valuable work? A feeling of rush can also be based on badly 
directed resources. However, if a lot of time is spent on firefighting, there are not 
enough resources for value-creating work. It was obvious from the observations that 
shift leaders and production officers had to use a lot of time in solving continuous and 
unexpected problems. This is tricky because problems of course have to be solved, but 
the shift leaders’ primary task is to improve the production process, to ensure that every 
task will be done and to support employees by their presence on the lines. Here the em-
ployees’ part becomes important, because if they can prevent problems occurring and 
solve simple issues by themselves, shift leaders have time to improve the process.  
Secondary operations were not seen as a major source of scrap. Visiting the secondary 
operations unit showed that only a small stream of the manufactured products actually 
goes there and employees were mostly satisfied with the quality of prefabricated prod-
ucts that they get from the production. 
Last but not least, reclamations tell also about the performance of the current production 
process. The appearance of the product was the reason for 28 % of all reclamations 
made in the year 2015 (surface quality, shape defects, etc.). This reveals insufficient 
quality control methods (how measurable and representational criterions are; pass/fail 
answers?) or lack of care (human errors due to tiredness or neglect). Statistically direct 
human-related reasons were 23 % of all reclamations, which is a relatively large 
amount. It should still be taken into account that these are statistical numbers and real 
root causes should have been studied in every case to be certain about the real reason for 
reclamation. 
5.4.2 Extrusion of New Products 
In a subcontracting environment, where extruded products are tailored to customer spec-
ifications, cooperation and strong integration between production and R&D is critical. 
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Generally “over-the-wall” mentality and detachment of R&D from other operations may 
be a big source of problems in the production. In addition to product properties, devel-
opment projects have to focus on how products will be produced (and how they will be 
transported to customer). This is also the key for a fast and effective way to get new 
products to customers. (Heikkilä & Ketokivi 2005, p. 103.) It is important to get prod-
ucts to the market as quickly possible in the new economy. The companies that are early 
in the market have the opportunity to get a bigger market share, define higher prices for 
products and get a better net present value (NPV). In other words, the importance of 
time as a competitive advantage is significant. (Hayes 2002.)  
There were done a protocol and a value chain-picture about putting into practice of new 
products from an offer request to deliver or finished product. This is a very good and 
systematic approach but not always followed. The tool department has a responsibility 
together with salespeople and a project manager to develop tools and products that are 
ready for production. In the interviews it came out that the development is sometimes 
only partial when a new difficult product is coming to the first production run after test 
runs. When the status of the product changes from “test” to “on-production”, sometimes 
the tool department withdraws from the project too early, because they have so many 
new product projects (here we come to a question, if the resources of R&D are suffi-
cient). In some interviews it was said, that informing people from the production about 
test runs could be better organized. Especially a production planner needs more infor-
mation about the stage of the development process to be able to promise delivery dates. 
On the other hand, employees should also take part in test runs to get useful information 
about future tools and products. This did not always happen due to fear of new products 
and the need for training or just because of a lack of motivation.  
One could sense haste in the production to get new products out to the customer during 
the first or second production runs. The delivery date for the customer was promised by 
the sales and the production tried to respond to this. In many interviews it was noted, 
that there was often a misunderstanding that all important processing parameters were 
known, even if they were not. Of course it is necessary to get new products to the cus-
tomer as soon as possible, but the lack of knowledge of suitable processing conditions 
usually causes trouble. These issues have an impact on everything. They cause frustra-
tion when there are design flaws or difficulties and a panic to get products finished. 
Working hastily increases the risk of mistakes and scrap. Again the rat race is about to 
start; scrap may cause a shortage of raw materials, eat resources from elsewhere, com-
plicate production planning and material management and there is not enough time to 
improve the process. The sales have responsibility here to survey all important parame-
ters from the customer.     
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5.4.3 Quality Control 
Quality control differs a lot depending on the product. Dimensions, surface quality, ap-
pearance and a metre weight were common issues, to which attention should be paid. In 
addition, there were product specific issues like resistance to measure. Many products 
also have callipers. In general, this is the direction, in which the quality control should 
shift - to unambiguous (pass or fail) and fast. Mausers are very useful but some distanc-
es are tricky to measure because they are dependent on the measuring angle. However, 
callipers have to be very carefully designed. It should not be possible for them to indi-
cate that product is passed if it in reality has not. For instance, in January there was a 
charging hose which passed the calliper test that measured the inner diameter, but in 
reality it failed. The outer diameter was measured at the beginning of the run but during 
production it was only assessed visually because the hose fitted to the calliper. Due to a 
human error it was not noticed that the pipe was not centralized properly. The lack of 
proper quality controls and passed defect products peaked in evening and night shifts, 
which indicates that quality control should be easier and free from human errors (like 
Poka Yoke). 
The importance of unambiguous quality criteria is especially important in evening and 
night shifts when there are no managers available. In November there was a run for the 
biggest new profile of the range. There were not enough clear rules as to whether the 
profile was acceptable and the line was stopped even though the profile was acceptable. 
However, the decision was right because it is a risk to run a heavy profile for the whole 
evening and night just to realize in the morning that is was all scrap. But if there had 
been clear quality criteria in place, the line would not have been stopped and a lot of 
start-up scrap would have been saved (the profile was at first extremely difficult to pull 
through the extruder due to its large size and a slow pulling speed).   
Colour and gloss are not sufficient for a visual assessment, if it is an important criteria 
for customer. This was more problematic in the beginning of the research but was im-
proved later on. There should be measurable tolerances expressed in colour coordinates 
or gloss scale. When customer specifications about colour and gloss tighten, this be-
comes even more important. It was reported in interviews that a few customers have 
such tight colour specifications that it is difficult to respond to them within the current 
process and quality control. As long colour is visually assessed, it is not clear what the 
acceptable colour is (saturation, hue, brightness) because it depends on lighting, human 
eye and surface quality. The discussions and interviews revealed that if there are no 
clear rules about colour and gloss, it becomes tricky to even discuss it with the custom-
er. It leads to confusion about the desired colour and how it will be achieved. At the end 
of research the measuring of colours with coordinates got more attention and training 
continued on the issue and so it improved. 
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At the moment, because of the variables in the equipment and raw material, extrusion 
process has to be monitored all the time. During work on the process, it became clear 
that half an hour’s absence from the line could cause dozens of failed profiles. As long 
as there is no sensor (manual or automated) on the line, it just relies on luck that the 
extrusion succeeds (during the research a video camera was used on one line for quality 
control purposes). At the end of the research when the team work was implemented, this 
issue had become a little better due to the roles of a packer and a trimmer. The packer is 
usually less talented than the trimmer and can monitor the quality of the profiles during 
packing. However, sometimes the packer was not trained properly (temporary employ-
ee) and the performance of his/her quality control was insufficient. In these cases the 
trimmer or the shift leader has the responsibility to instruct the packer. On the other 
hand also the trimmer should monitor the process at the beginning of the line and not let 
own quality control suffer (defects are not allowed before moving to the next step).  
5.4.4 Maintenance 
Maintenance of machines is obviously a prerequisite for the production if you want to 
avoid unpleasant surprises. There was an excellent maintenance program for each line 
in the production. It included guides as to what should be done and when (once a week 
and once a month) also illustrated with pictures. Unfortunately this was not followed as 
it should have been. In some of the lines employees were extremely committed and fol-
lowed the program, but there were also lines where this was done half a year ago. A 
simple maintenance done once a week can prevent many extrusion problems. Regular 
maintenance helps to discover if there is need for a more proper maintenance in the near 
future. For instance, if there are old granulates inside the machine, it can lead to quality 
rejects on the surface of the product. 
It was discussed in the interviews what the reason was for the lack of basic maintenance 
in the lines and if it still was seen as important. The obvious and easiest reason was 
haste. As noted many times before, haste is partly caused by unexpected problems. Al-
most every other week the reason was that something small was broken in a machine or 
other equipment. Also unplanned repairs took often a long time to fix because first the 
root cause had to be found out. By performing weekly maintenance, many of the prob-
lems in the machines could be eliminated or at least find out about them early enough to 
include them in the production plan as planned repairs. Furthermore, this reduces the 
pressure and leaves more time for value-adding activities.   
It emerged that time pressure is not the only reason for insufficient basic maintenance 
carried out by the employees. I heard that Friday’s last shift before weekend often 
leaved earlier than planned and this tells about lack of control and commitment. The 
root cause can also be that maintenance is not seen as part of somebody’s responsibility 
or its importance is not clear enough. Some employees expressed tiredness because of a 
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heavy work load. So if something can be left undone, it is just human behaviour to leave 
it, when you do not feel it to be your personal responsibility.      
5.5 Recycling 
How should formed scrap be handled to keep it high quality with regards to recycling? 
How should regrind be made so that it can be re-used? How should regrind be used to 
ensure unproblematic extrusion and products which meet customer specifications even 
if they are partly recycled? Among other things, the current recycling procedures have 
been observed in view of these questions. 
5.5.1 Facilities 
The case company’s recycling facilities consist of one grinder for foam PVC, two 
grinders for different engineering plastics, four grinders for plasticized PVC and three 
grinders in a scrap room. One of these is mostly for white PVC, one for coloured PVC 
and one mostly for electric tubes. Cleaning a grinder is laborious and that is why col-
lecting each scrap type as much as possible before grinding, makes it easier (but this 
decreases flow efficiency). Employees expressed some frustration about cleaning the 
grinders. At the moment there is a very conscientious person responsible for the grinder 
in the scrap room, but one possible reason for previously made mixed-colour-PVC scrap 
is the lack of motivation to clean the grinder between different coloured scrap runs. This 
mixed-colour regrind is the most difficult to use and at the moment mostly sold. Elimi-
nating is a good starting point because of the careful and diligent person taking respon-
sibility in the scrap room. 
Formed scrap is collected in carts and ground after an extrusion run or during it (long 
extrusion runs). Start-up waste is collected in pails. After grinding, regrind is put in a 
small or big bag. The problem here is that there has to be a lot of regrind to fill a large 
bag. On the other hand, if the warehouse is full of small bags, their use becomes more 
difficult due to an increased number of collections and a blurred overall picture. During 
inventory it was noticed that small bags being placed all around the production hall, is a 
risk for making mistakes in balances. These materials “float” if they are deleted from 
the virgin material balance but not added to the regrind balance. 
When it comes to recycling, there is one good exemplary model in the case company’s 
own production. Plasticized PVC is well re-used. There are enough grinders near to the 
lines, systematic storing of regrind in labelled garbage cans, the inventory turnover is 
fast and people have good a comprehension of what regrind type can be used in each 
product and what regrind ratios are suitable. The plasticized PVC unit was almost a 
closed-loop system, so it served as a benchmarking model during research. There were 
still some things that needed improving like welding strips which were not recycled and 
more space was needed to store made regrind but overall this unit worked very well.  
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5.5.2 Scrap and Made Regrind 
Figure 23 below shows the actual scrap percentage, the planned scrap percentage, the 
Group’s target and the most optimistic level. The data in the chart is from the year 2015 
because there was not any available corresponding data from the year 2014 in the BI-
program.    
 
Figure 23 Actual scrap percentage, planned scrap percentage, the Group’s target for 
the future and the most optimistic level  
In March, October and December the actual scrap percentage was equal to what was 
planned and in March it was within the Group’s target. In the other months and espe-
cially in the high season in summer it was much higher than target. The biggest differ-
ence between planned and made was in July. The peak in November is a result of many 
new products and their higher scrap percentage.  
Collecting of formed scrap to carts needs some fine-tuning. Long and thin profiles were 
often dragged over the floor. Contaminations like dust may stick to the profile and be 
spread to the regrind and cause surface quality defects during re-processing. Carts also 
need a clearer location system that indicates from where they can be collected for grind-
ing. Without a clear visual control system, there is a risk that the carts are collected from 
the production hall for grinding before the scrap is even marked to a work order, or if 
required, a sample taken. The carts also need a system which tells what plastic they in-
clude. Sometimes it is written down on one profile but if not, it becomes tricky for the 
person responsible for the scrap room to recognize the plastic type and mark it as cor-
rect regrind type. 
Profiles with a combination of copper wire and plastic must be separated to be able to 
be recycled. Plastic profiles go to landfill due to possible metal contaminations but cop-
per can be sold. At the beginning of the research, copper was separated mostly by one 
motivated employee only and adventitiously by other employees. The difference in sell-
ing price between combination of plastic and copper (circa 2.00 €/kg) and pure copper 
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(4.30 €/kg) is significant. That is why the lack of separation does not make sense from a 
financial perspective, especially now when the ownership of copper has been moved 
from customer to the case company. 
It was noted during the observation that the marking system of regrind was too vague 
and not clear enough. Only the following information was marked on a bag: the date of 
grinding, who ground the regrind and the name of the plastic (not the code). Sometimes 
not even that information was marked. If there is not enough information on a bag, the 
employees cannot trust what is inside. For people who have not worked in the case 
company before (like me), the use of nicknames for different regrind types does not tell 
enough. This system has to be made so easy that even new people know immediately 
what is inside a bag. This is highlighted more when new temporary employees are 
needed to increase the flexibility of the production.  
Also, the incomplete marking of a G-code, which tells the type of regrind, makes their 
use confusing. In addition, the G-code system is being updated but at the beginning of 
the research G-codes did not correspond to virgin material codes and not each virgin 
material code had its own G-code. If one G-code covers many different regrind types, 
their use becomes trickier when there is no clear link between the virgin material and 
the regrind. Figure 24 illustrates the old marking system of bags.  
 
Figure 24 An old marking system of regrind bags (photographs 7.9.2015) 
After grinding and marking the bag, the amount of each regrind was marked down on a 
form. At the beginning of the research, the person responsible for the material collected 
this paper once a week. The frequency has been increased but still the made regrind 
balance is not in real time and not efficient enough. The production control person’s 
work becomes complicated when the balance of regrind drags.  
5.5.3 Used Regrind 
Appendix D shows charts of made and used regrind from the years 2014 and 2015. Fig-
ure 25 shows the distribution of regrind by material types in the year 2014. The data is 
from the ERP and BI-programs. It should be considered that some material codes have 
changed.   
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Figure 25 Made and used regrind per material types (ERP, BI-program) 
G-8000081 is absolutely the most made and also the most used material type. This con-
sists of rigid coloured PVC. The problem is that a large amount of made regrind re-
mains unused and this is why the largest potential lies in this rigid mixed colour PVC 
regrind. G-0000381 white rigid PVC has a better situation in percentage terms. The 
poorest usage of made regrind is with G-2000013. That is coloured ABS. Code G-
3500050 is not used anymore but G-3500051 is foam PVC. White foam PVC is mostly 
used but, as mentioned before, coloured foam PVC goes to landfill. 
In general recycling of materials should be considered already in the beginning of the 
product development project. There were many raw materials which are not most suita-
ble for recycling. PC and PS are tricky to re-use because they lose part of their optical 
properties during re-processing. Also glass fibre plastic, a blend of wood chips and plas-
tic and a combination of plastic and copper are difficult to re-use. Furthermore the use 
of regrind is not systematic enough and suitable regrind ratios for certain products and 
materials have not really been studied by using scientific methods. The shift leaders 
have studied regrind ratios a few times but regrind ratio tests are still a grey area. The 
problem may be that the ball about using regrind has been thrown to the production, but 
it has not been planned and studied enough.  
The use of regrind is not reliable and easy enough. One employee put it well; “If you 
use regrind, you just make your day more difficult.” Regrind ratios and products that are 
suitable for feeding recycled plastic are found by practical experience. A profile X is a 
good example. It has a large sales volume, it is big and heavy, has low specifications 
and can be made entirely of mixed white regrind. This is why it also has a big cost im-
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pact. Finding new products like that with low specifications will become important in 
the future. If regrind is used and problems occur during extrusion, the first thing done is 
usually to leave regrind out of the feeding. This is understandable because usually there 
is haste in the production, errors eat into valuable production time and new scrap is 
formed. The used ratios vary which also makes the output variable. This is not desirable 
because if the properties of a product also change and are not known, there is a risk that 
in reality the product does not meet a customer’s expectations. 
Planning the use of regrind happens mostly in a weekly meeting where the next week’s 
runs are scheduled. In principle, this is a good idea because shift leaders, the production 
planner and the production manager are all in the same session. Coming together like 
this can give a better understanding of any limiting factors or issues to be taken into 
account. On the other hand this is a manual approach. In the case of regrind, if it is de-
cided to use it in a certain product, at the top of the work order it should be written 
down for instance: “use scrap”. This is not thorough enough and does not make produc-
tion employee work unequivocal. Also, during a week meetings there are so many other 
things to remember that thinking about use of regrind may be forgotten.    
The attitudes towards the use of regrind hinder its use. During interviews it emerged 
that many employees do not understand that regrind could be a valuable raw material or 
that reducing scrap and increasing the use of regrind could have a huge financial poten-
tial. Also the attitude “everything or nothing” is negative, because even if a small ratio 
of regrind is used systematically, at the same time formation of scrap is limited. Made 
scrap, made regrind and used regrind were not visible enough in production. After an 
extrusion run scrap and regrind was taken away from the eyes and at the same time 
maybe also away from the mind. In addition, most of the employees were not motivated 
enough to use regrind. At the same time there were some employees who were very 
motivated and frustrated because of the attitude “not even worth of try”. The motivation 
and direction of people who are reluctant to change, is important in getting all of the 
organization to work towards a common goal. 
5.6 Information Flows  
Transparent and efficient exchange of information is necessary in extrusion production 
because currently it is largely manual and very dependent on the performance of the 
operator. Also information sharing and good integration between sales, R&D and pro-
duction is important in a customer-orientated business environment where product de-
velopment projects may take a long time in designing and producing suitable profiles 
for the customer and at the same time finding profitable and efficient production meth-
ods for the case company.   
Overall, during observations, discussions and interviews it was noted that information 
sharing works well horizontally (especially in the day shift). It is direct and open but 
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depends on one’s own activity. For instance, information sharing between production 
and maintenance was substantial and active.  
Vertical information sharing was not as good as horizontal information exchange. A 
possible reason is the physical distance between the two floors. Employees from pro-
duction did not take part, other than in morning meetings and responsibility for trans-
mitting information forward to floor level is largely down to shift leaders and partly 
managers when they visit the production. It is human behaviour that when you have a 
lot of things to remember something may be forgotten. During the discussions it became 
clear that sometimes employees were informed of decisions taken relatively late. Espe-
cially when introducing new products with higher scrap percentage, it is important to 
plan the work together between managers and employees. One employee said “you 
should have a crystal ball to forecast what will happen in the production on the follow-
ing day”. It should be remembered that this may not be the whole truth because often 
negative experiences are emphasized. People remember better events when they have an 
experience of being badly treated than events when they have been treated well. Also 
how questions are set is an important point and affects how people answer. (Baumeister 
et al. 2001.)   
When shifts change, exchanging essential information between the previous and the 
next shift is important to avoid making the same mistakes again, to be prepared for pos-
sible extrusion problems and to know if something unusual has occurred. At the mo-
ment information sharing depends on if employees want to do it in their own time. Usu-
ally the next shift came in 15 minutes before their working time. Not all employees 
came earlier and that is understandable if they do not get monetary compensation for it. 
In these cases there is a risk that the next employee is not prepared enough and an extru-
sion problem could occur. However, because of expensive machine time, material costs 
and ripple effect of problems, 15 minutes of working hours pays for itself very fast.  
After Lean-philosophy was introduced in the case company, many channels to convey 
ideas have been opened. Idea boards on the lines, a problem solving board and a repair 
request board in the maintenance room door are examples of great ways to express ide-
as. Another area where the activity of the employees needs improving is the use of the 
Visual Planning & Production Follow-Up program. The reasons for the lack of re-
sources or a quality reject were not always written down. This is important especially 
after an evening and night shift when there are fewer people working and conveying 
information forward. Sometimes it was unknown what problems occurred in the night 
shift. Overall this issue has improved during the research but still needs attention.   
Sometimes decision making took too long. Brown foam PVC window profile with high 
scrap percentage was a good example of this issue. The physical distance between the 
internal supplier and the case company complicates decision making when communica-
tion happens only by phone or computer or by visiting. It was observed that sometimes 
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after making decisions on actions, tasks were left up in the air. Sometimes the progress 
of the project was delayed while waiting for someone’s answer. If decision making is 
concentrated on a few people, who are already very busy, they can become bottlenecks 
in the project.        
5.7 Daily Managing and People 
It was great to see that there was partly a real team spirit in the production between shift 
members. During difficulties employees combined forces to solve the problems. Of 
course, like in almost every organization, not all get along with each other, but mainly 
the teams worked very well together. In the beginning of the research when the produc-
tion had not moved to teamwork, the employees expressed their eagerness to work to-
gether more as a team. And that, I think, is great and shows potential with reference to 
Lean-philosophy. 
There were some really talented employees working in the production. I saw over-
whelming commitment to the job and the company. At same time I heard during inter-
views that not all work is evenly distributed and highly motivated employees sometimes 
do also less motivated and less hard-working employees’ work. This is not fair and car-
ries the risk that really deserving employees lose their motivation. Some employees 
expressed frustration because they felt that salaries are paid based on time rather than 
created value. Also some lack of discipline came out in every interview. Some inter-
viewees felt that there will be no penalties even in the case of the outright neglect of 
tasks. In addition to discipline there has to be of course also support and encourage-
ment. In this area employees were mostly satisfied and happy.  
Working in the current extrusion process is challenging and sometimes hard. If employ-
ees are loaded with too much work, the risk of mistakes increases. This is why listening 
to the employees’ feelings and having empathy is important. During the work in pro-
duction it was noted that a night shift is tough and prone to human errors. It was also 
observed that many of the problems occurred in the night shift. This is why design prac-
tices and the production plan should consider the performance level of night shift.   
Because it appeared in many interviews that the most obvious reason for formed scrap 
are new unskilled employees, a longer familiarization time can help to reduce scrap. 
Some employees felt that it is not long enough and due to a wide product range and 
large raw material variety handling all details can be challenging. 
5.8 Afterword Regarding the Current State 
As previously discussed, previous chapters focus on development issues. This should 
not lead to a misunderstanding that all things in production were not well. Overall, the 
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current state in the case company has great opportunities for recycling and there were 
more positive than negative issues in the production and other operations.  
The first good point and a competitive advantage is their own internal raw material sup-
plier. Communication between supplier and production is much easier and delivery 
times shorter than if the supplier was external. This gives a huge advantage when raw 
materials of products can be tailored to meet customer specifications. Recycling is also 
easier if raw materials that are difficult to recycle can be modified. These two units also 
pull well together. 
Regarding inventory and material management has to be said, that buffers are decreased 
at a low level. Especially with the end-product warehouse buffers are extremely low. In 
the view of Lean-philosophy this is great when the need for inventory is minimal and 
only small capital is committed to inventory. Overall, the flow efficiency of virgin raw 
materials is good.  
One could observe an innovative atmosphere about new products and tools in the com-
pany. Enthusiasm about new products was great to see and the mental threshold to try 
challenging profiles was at a low level. Success cannot be achieved without bravery and 
self-confidence and these are not problems in the case company. Sales, production and 
tool departments were all open-minded to new ideas and this was good to see.   
During the observation and work in production I was amazed at how good practical 
skills the employees had picked up, because almost everything from tool assemblies to 
quality reviews is manual. Many things have to be learned through practise and I really 
take my hat off to the employees who are able to handle it because theoretical 
knowledge alone is not enough. Also office workers expressed good commitment to 
making processes and activities better. When a problem occurred, the root cause was 
found out and corrective actions were made. Many people including shift leaders 
worked long hours to fix problems and that shows commitment.    
Many managers expressed great enthusiasm about recycling and this is the best possible 
opportunity for it. Using regrind was tried with many products and facilities for recy-
cling were purchased. Also raising a question about how recycling could be done with 
higher ratios, is a good starting point because without the support of the managers and 
their eagerness to find solutions, it would be much more difficult or never even tried. 
Overall, when I started the research I was positively amazed at how well everyone ac-
cepted me. Employees were open and helped me a lot when I was (with poor skills and 
lack of practical experience) working in the production and asking (also very simple) 
questions. No one refused to be interviewed and I am thankful about that. Also, already 
admitting their own weaknesses (which all organizations have) shows their openness 
and the eagerness to develop their own processes and operations. I am sure that improv-
ing the extrusion process towards a closed loop system shows great promise.     
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6. IMPROVING EXTRUSION PROCESS TO-
WARDS THE CLOSED-LOOP SYSTEM 
The closed-loop system has to be a common goal for the entire organization. It starts 
with a vision and continues with making a strategy that supports the other targets of the 
company. (Wills 2009, p. xiii, 30.) As with every strategy, moving towards the closed-
loop system is a choice between alternatives and it requires a long-term commitment 
from the entire organization. (Heikkilä & Ketokivi 2005, p. 29-33.) On the other hand, it 
can produce value and act as a competitive factor in the environment where green val-
ues have got more and more importance.  The ability to be cost competitive, forces the 
company to use valuable resource as efficiently as possible. 
In the previous chapter there was a list of development issues that cause scrap or ham-
per the use of regrind. In other words issues that prevents the closed-loop system from 
being realized. In this chapter those issues from the development areas (found through 
observation and interviews, see Figure 26) are attempted to be solved according to 
Lean-philosophy and especially using the four Lean-rules by Spear and Bowen (1999): 
1. All work shall be highly specified to content, sequence, timing and outcome. 
2. Every customer-supplier connection must be direct and there must be an un-
ambiguous yes-or-no way to send requests and receive responses. 
3. The pathway for every product and service must be simple and direct. 
4. Any improvement must be made in accordance with the scientific method, 
under the guidance of a teacher, at the lowest possible level in the organiza-
tion.  
 
Figure 26 Developing areas in the current process  
It should be noted that processes, not individual tasks, are under development. They are 
important but individual tasks cannot themselves achieve organizational goals and none 
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of them matters if the overall process does not work. (Hammer & Champy 1993, p. 35; 
Gray & Starke 1984, p. 175.) 
6.1 Raw Material Purchase  
Overall, if a closed-loop system is desired in the case company, it has also to cover the 
internal supplier. Structural mechanisms, functional mechanisms and strategic mecha-
nisms can all be used to integrate these units better together and to achieve the common 
goal (Heikkilä & Ketokivi 2005, p. 176). Processes of units have to be compatible with 
each other because the output of the internal supplier acts as input for the case company, 
so getting the desired output from the case company, requires also the desired output 
from the internal supplier. When the recipe of new raw material is planned, recyclability 
should be one criterion.  
When decisions are made about another unit, it should be taken into account how it af-
fects the other unit and if there is any effect the decision should be made together. A 
functional mechanism for integration is increasing frequency of meetings at different 
levels of employee of units. An interest for this was noticed also during interviews. It 
was great to hear that some employees from the case company wanted to visit the inter-
nal supplier more often to be able to improve the process for both parties. A strategic 
integration method could be turning a strategy of a closed-loop system into both units’ 
language. (Heikkilä & Ketokivi 2005, p. 176-195.)   
Integration becomes crucial when dealing with products with exact and difficult colours. 
In the internal supplier’s production there is more knowledge about the materials and in 
the case company’s production knowledge about the production process. Defining rules 
for new products together helps both parties’ operations; the internal supplier knows 
what the end product requires from their operations and at the same time the case com-
pany knows how the raw material behaves in production and how it should operate to 
achieve agreed properties in the end product. It is important that agreed extrusion condi-
tions are always followed because without the controlled input and process, the output 
varies. Both, the prepared raw material and the end product, should have agreed toler-
ances regarding colour. With products that are challenging in the view of raw materials 
BATCH-number used in a raw material bag and onward in a product, could help to keep 
track of used raw material if a complaint from the customer is received. Fast decision 
making is primary because every time when a raw material with insufficient processing 
properties is extruded, more scrap, lost labour hours and other problems increase the 
costs caused by the raw material.   
Finding direct and unambiguous communication channels between the internal supplier 
and the case company is important for both. Employees in extrusion production are the 
customer of the raw material delivery process and their feedback is an important part of 
process control (Martinsuo & Blomqvist 2010, p. 6). In this context we can rely on Rule 
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2 (Spear & Bowen 1999); every connection must be standardized and direct (Spear & 
Bowen 1999). This rule is useful with reference to a couple of previously mentioned 
observations. The first issue where it can be used is the question of quality and homo-
geneity of raw material. When the number of handovers decreases, the opportunity for 
errors also decreases due to avoiding the broken-phone effect (Madison 2005, p. 264-
265). There could be for instance a pre-designed form on paper or online. An example 
of a pre-designed report is given in Appendix F. By asking the employees directly what 
the symptoms of a problem were, the message is authentic and unchanging. In this way 
one could construct a timeline to deal with problematic raw materials and improve them 
to meet better the requirements of the case company’s extrusion machines. For instance, 
if some raw materials get more feedback in relation to extrusion problems, it should get 
higher priority (if it is also produced in high amounts).  
Another issue where Rule 2 (Spear & Bowen 1999) could be useful is reclamations. 
Under the current procedure the message does not come straight where the problem 
occurs if the employee him/herself does not make reclamation. Here a pre-designed 
form would be useful and it would require a sample of material and profile or at least 
photos (see appendix F). With sufficient documentation the problem solving and pre-
vention at the internal supplier becomes easier. On the other hand, doing reclamations 
has to become more active. Without reporting problems, the process won’t improve.  
The third issue where direct and fast communication channels without wasted steps are 
needed are cases when a shortage of raw material suddenly happens (see Figure 27). 
The first priority is to make the calculation of material consumption reliable but if mate-
rial runs out anyway, there has to be a specific way to act according to Rule 1 (Spear & 
Bowen 1999). When an employee notices a shortage of raw material, he/she should in-
form about it straight after noticing. A long chain and physical distances could be by-
passed by a chat-software which connects the case company’s production, the produc-
tion planner and the internal supplier. After the notice about the shortage production 
planner could confirm the shortage and order more raw materials. At the same time the 
internal supplier is aware as soon as possible to be able to take note of a shortage in 




Figure 27 The current procedures and the shorter communication channel between an 
employee from production, the production planner and the internal supplier  
Testing of raw materials should always happen before delivery. If something unusual is 
noticed in tests, it is not acceptable to deliver it to the case company. It takes more time 
to fix the problem, causes more shipping costs and delays delivery of replacement raw 
material, if it is noticed in the case company. Also, the mentality of “Let’s try a second 
raw material in another product rather than primary one” or “Let’s try if it works any-
way” carry a risk that the raw material, which did not meet requirements, causes prob-
lems and costs more than the simple cost of a raw material bag would have been. An 
alternative but not so recommended method is to agree on products which are easy and 
possible to process with unplanned raw material (and that are possible to process with 
“secondary raw material”). This requires a risk assessment and estimating the extent of 
the problem at the internal supplier before shipping to the case company. The problem 
is that unusual raw materials usually have random reasons for as to why they do not 
meet with recommendations, so agreeing on products for every unusual property be-
comes difficult and there is a risk that products do not meet an external customer’s 
needs.  
6.2 Inventory and Material Management 
There are three things above all others; systematic (again), real-time and reliability. As 
previously mentioned Rules 1 and 3 serve as useful improvement platform (Spear & 
Bowen 1999). Because the devil is in the detail, all work has to be highly specified. Es-
pecially in the calculation of material consumption small details can have a huge effect. 
When responsibilities are well known, the outcome will be better because when some-
thing is everyone’s problem it becomes no one’s problem. (Spear & Bowen 1999.). Or-
der and cleanliness of the second floor storage have been improved significantly after a 






















Current inventory system is somewhat insufficient. The biggest deficiency is in the in-
ventory counting system with symptoms of missing raw material bags, high frequency 
of inventories and relatively big corrections. A universal product code (UPC) or a bar 
code with a visual control system could be one solution. It is fast, accurate, gives con-
tinuous information to managers, reduces the need for periodic reviews and gives sim-
plified control. (Stevenson 2012, p. 560-561.) The system follows a strict protocol and a 
visual control which is shown in Appendix E. The use of the UPC system requires a few 
additions; scanners and small computers in forklifts, an additional program integrated to 
the ERP and the possibility of weighing a bag after an extrusion run. Overall, the raw 
materials have a simple and specified path which should not change unless the protocol 
is extremely redesigned (Spear & Bowen 1999).  
The outdoor storage should be used only in the case of there not being space in the sec-
ond floor storage. Regrind especially should be nearer to facilitate its usage. Shelves 
could help to store raw material bags in a more organized way because if they are in a 
large disorganized line, the first in - first out method (FIFO) does not work and raw ma-
terials stagnate. (Rosato et al. 2000, p. 562.)      
Production has shifted to teamwork. This concept could be used to form better internal 
logistics because employees felt that the internal logistics coverage is sometimes inade-
quate. Employees who are good at getting products into shape and solving extrusion 
problems could focus on the runs and less skilled employees could operate the internal 
logistics. Because extrusion is vulnerable to external disorder, especially with difficult 
products and start-ups, the presence in the line is important. In these cases it would be 
helpful if packing and picking up packing materials could be done by an internal logis-
tics person. For instance building pallets for foam PVC profiles takes labour hours that 
would be better used monitoring the process.  
6.2.2 Calculation of Material Consumption 
Calculation of actual material consumption needs a redesign. It should turn from manual 
to more automated due to continually reoccurring human errors and lack of accuracy.   
Small mistakes especially with foam PVC profiles made in the calculation of material 
consumption can during long runs cause errors in the balances due to changes in dimen-
sions and/or density.  
The solution for more reliable calculation of material consumption could be a measuring 
device connected to a feeding unit which calculates the amount of used material in kilo-
grams. However, even if there was a measuring device which determines the total 
amount of used materials in kilograms, it is extremely important that information from a 
measuring device is written down at the end of a production run. This should be high-
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lighted for employees because they have a huge responsibility in that. Also using disci-
pline becomes topical for shift leaders. Overdue actual consumptions could improve in 
long production runs if the person responsible for materials, collects consumption from 
measuring devices once a day and compares it to what was planned. If actual quantity is 
much higher than planned (at that stage of the run), he/she could warn a production 
planner. Especially with foam PVC weighing metre weights does not lose its signifi-
cance because it provides a good indicator about process performance.  
6.3 Production Process 
Recommendations for development areas in production process can be concentrated on 
two concepts; systematic organized approaches and good knowledge about the process. 
Rather than learning through trial and error, activities should be done more in accord-
ance with the scientific methods (Spear & Bowen 1999). During observation it became 
clear that many times scrap, rush and problems could have been avoided if there had 
been clear and proven rules how to act. Due to the continuous nature of extrusion pro-
cess, it should be operated very carefully to avoid unwanted surprises because extrusion 
problems can have huge financial impacts (Rauwendaal 2014, p. 763).  
The extrusion production has been chosen as a pacemaker of the value stream because 
in the case company it is the major process where a product takes the final form to the 
customer (Rother & Harris 2008, p. 1-2). It is at the centre in developing recommenda-
tions and other support processes should be synchronized around it. However as noted, 
cooperation between production, R&D and maintenance will lead to better matches be-
tween new product and capabilities, reduced manufacturing costs, improved quality, 
shorter time to market and creates conditions for integrated knowledge-based approach-
es across these three functions (Olausson & Berggren 2012).    
6.3.1 Extrusion of Established Products 
Because the extrusion process in the hall starts with collecting work orders, product 
cards and samples, the input information should be reliable and up-to-date. Printing 
work orders and products cards with the latest information, when an extrusion run is 
about to start, is recommended. In this way also the risk could be eliminated, that prod-
uct cards in the production hall would not be updated. Product cards should also have 
all the special information about what is needed to assemble a tool, set the line ready for 
production and use photos, if possible. Nothing should rely on supposition or talk, be-
cause it has been shown to be a source of errors.  
Start-ups should have strictly controlled procedures. Set times for start-ups help to plan 
production and avoid situations where delivery dates are hard to achieve due to underes-
timated start-up times. Raw material should not be fed into the hopper until everything 
else is ready. These procedures were not sketched in this study, because rather than 
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making rules from outside, they should be made by teams of employees because of their 
personal experience and ability to influence the rules (Laamanen 2002, p. 256.) After a 
specified pathway has been agreed on, it should not change (Spear & Bowen 1999).  
Extrusion conditions should be tested and approved. If the range of the noted suitable 
conditions is wide, iterations may be required to find the best possible ones. Iteration 
process could be facilitated with the use of computers because they can monitor and 
save used temperatures (to the memory). In lines where integrated computers are not 
available, it is necessary to record all operating conditions on a pre-designed document 
until equilibrium is attained. Collected information can include: set point and extruder 
temperatures, melt pressure, melt temperature, extruder load, screw rpm, feed rates, 
dryer conditions, take-off speeds, take-off equipment temperature, pressure associated 
with take-off equipment, vacuum level, product quality and product dimensions. (Giles 
et al. 2005, p. 68.) Final data depends on the product.  
It should be established if the rush in the production is real or is caused by bullwhip 
effect. Many times I heard that customers rush with the orders. Making transparent in-
formation routes across the supply chain and depending on the end customer’s demand 
could help. This area was not included in scope of this master’s thesis but did come to 
mind. However, reducing time pressure is important because it increases the risk for 
mistakes because careful actions are easily ignored. The problem with acting hastily is 
that new issues most likely occur, they increase the pressure again and the rat race starts 
again. Even if there is pressure, one should calm down and follow procedures to avoid 
undesired results because loss of control was observed, especially when there were a lot 
of orders for production. 
If a problem occurs with an established product for one reason or another, making a 
written plan with a functional activity flowchart and clear responsibility areas could 
help to avoid grey areas, make the progress of the project easy to follow and speed up 
problem solving (Madison 2005, p. 23). It is important that all people who are responsi-
ble for a certain step of the project are specified and there are deadlines for all steps. 
Making a written plan and a chart can come across as laborious and slow, but proper 
documentation of the plan is a good opportunity to reduce the entire project’s lead time 
when responsibilities are not left to float. 
Analytical methods during troubleshooting are essential to avoid a guessing game at 
best. After employees have learned their own standardized work and know it thorough-
ly, troubleshooting with scientific methods and teaching people how to solve problems 
intelligently, is a way to create a learning organization. In the Appendices A, B and C 
there are some example tables that can be used as a structure as to how a problem could 
be solved. These tables are recommended to supplement employees’ own notions. It is 
important that there is a pathway showing how troubleshooting is constantly done be-
cause any variations hide the link between the corrective action and the result. (Spear & 
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Bowen 1999.) With products that cannot be fixed during the same run, constructing a 
timeline could help with reducing delays in the next run, because it is easier to remem-
ber the last run and avoid making the same mistakes again (Rauwendaal 2014, p. 766). 
When identifying the potential cause and making corrective actions, following the Soc-
rates fashion of iterative problem solving is one way to get employees to make changes 
to the extrusion process that are based on sense, not on guesswork (Spear & Bowen 
1999). 
6.3.2 Extrusion of New Products 
The border between a new and an “established” product should be more dynamic and 
integration between production and R&D somewhat higher. This area produced differ-
ent opinions during the interviews; partly it performed well but partly it needed fine-
tuning. If a product passes the test runs well, but after turning it production ready, the 
“established product” signals problems, its priority should rise again, especially if its 
demand is expected to grow in the future. Extrusion problems are often so complex that 
solving them fast and efficiently requires input not only from production but also from 
R&D and maintenance. In cases where the problem is a raw material-related, input from 
the raw material producer is also needed. (Rauwendaal 2014, p. 765.) It is recommend-
ed to slow down and solve the problems correctly straight away, even if it required 
more resources, because the total amount of used resources will probably grow, if issue 
was left hanging (Liker 2006, p. 38).  
In a process organization teams of employees should have the right to influence the is-
sues that affect their work and according to Lean any improvements must be made at 
the lowest possible level in the organization (Nieminen 2007, p. 40). On the other hand, 
as mentioned many times before, they have a good knowledge of the reengineered envi-
ronment, which can be valuable during improvement (Kurnik 2016). Involving employ-
ees more in test runs can have many advantages: they are more committed, transmission 
of important information about a new tool is more effective, they are more prepared for 
new tools and they might have useful information about manufacturability. Also, be-
cause in many interviews it was found out that too many times important parameters 
were missing before production, planning first production runs carefully together could 
reduce employee frustration and formed scrap. However, getting people to participate in 
test runs needs good leader skills. If an employee is afraid of new products, he/she 
should be encouraged but if it is all about the lack of motivation, discipline should also 
be used. A good time to delegate participants to test runs is the morning meetings when 
most of the people are together. 
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6.3.3 Quality Control 
A prerequisite for quality control is a good knowledge of the product and customer 
specifications. New employees should have adequate training for quality control be-
cause extrusion is too expensive a process for guessing and learning through trial and 
error. The shift leaders carry the responsibility for this or one of the more experienced 
employees should be authorized (this must be agreed, not just assumed that someone 
will do it). You have to know your process and when employees change from a well-
known line to an unfamiliar line, they need more support and guidance from shift lead-
ers (Giles et al. 2005, p. 251). Without proper guidance about a product and what should 
be paid attention to, a packing person runs the risk of packing failed profiles.  
Quality control has to be fool proof, unambiguous and there must be pass/fail answers 
to all questions. Working in a three-shift rota is a factor to be considered due to raised 
human error risk. Poka-Yoke is a useful way to prevent quality control indicating “pass” 
if it is in reality “fail” because of human error. Also, all products which have tight col-
our or gloss specifications should have measurable tolerances with pass/fail answers.     
Team work helps in the quality control operations. Walking back and forth in the line is 
waste of time and hampers quality control. Also, when a problem occurs, according to 
Murphy’s Law, another problem occurs in another line. In these cases the team work 
shows its value. It helps to keep the extrusion process under control, if another person is 
at the other head of the line. The packing person can act as a sensor and visually meas-
ure the actual quality and standard. If she/he notices something unusual, a start-up-
person is called to bring extrusion under control again. In the feeding head of the ex-
truder, a start-up-person observes the melt flow and other equipment-related factors. 
Communication between these people intensifies continuous quality control but also 
requires good communication because “the left hand should know what the right hand is 
doing”. (Trade 1995, p. 8.)    
6.3.4 Maintenance 
Basic maintenance by following the set program exactly per line must be adopted as a 
weekly operation to avoid unexpected problems. If maintenance is done on Friday even-
ing, it is easier for Sunday night’s shift to start runs. However, shift leaders are respon-
sible that the program is being followed. They have to embrace the role of leader and 
the responsibility that the team performs all requisite tasks. The benefits of basic tool 
maintenance (cleaning) have also been shown in the practise.  
When the line is empty for a long time someone from maintenance could be delegated 
to perform deeper maintenance like reading screw and barrel wears which have a signif-
icant effect on the output of the extruder (Steward 2015). Resources for deeper mainte-
nance are also easier to allocate if simple weekly maintenance is done because then is-
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sues noticed (not critical or topical but considered for the future) could be written down. 
At the end of the research the frequency of planned repairs was increasing and it is posi-
tive to see this development.   
6.4 Recycling  
Recycling has to be organized and carried out in accordance with scientific methods 
(Spear & Bowen 1999). Ratios of regrind should be known and recycling should never 
compromise quality (Giles et al. 2005, p. 523). PVC especially is thermally sensitive 
material and its structure, mechanical properties and thermal properties may change 
during re-processing mostly due to ageing (Sadat-Shojai & Bakhshandeh 2010). To 
keep output consistent there should be the exact ratios of regrind which are always used 
when regrind is fed to the extruder. However, recycling within a factory has good pro-
spects because many thermoplastics have a high potential to be mechanically recycled 
(Hopewell et al. 2009). At least small ratios could be processed without extrusion prob-
lems (Frankland 2013).   
6.4.1 Facilities 
Overall, the recycling facilities are a good starting point. There are many grinders avail-
able but they have the disadvantage that the noise in the production hall is high. The 
flow of rigid PVC scrap to regrind needs fine-tuning because there are many lines and 
employees, so the risk of confusion is real. Visual control is a good way to do it in prac-
tise. Figure 28 below shows one example solution. The target is to give a clear signal 
when scrap is available for recycling.  
 
Figure 28 An example solution regarding flow of rigid PVC profiles to regrind  
Marking the type of scrap raw material is important. It can be done for instance by 
checking the box on pre-printed paper or small white board in the cart, but anyway it is 
important that both name and code are marked down. “For grinding” area means a taped 
area which gives a signal to the grinder to pick-up a cart. It has to be near the grinding-
room. After grinding, a small computer prints a sticker with UPC code and information 
about regrind; who was grinding, the date and the code of regrind and the name. It is 
The scrap cart is full, weighed 
and the weight is marked to 
WO
The code and name of raw 
material is written down on 
the cart (white board etc.)
The scrap cart is transported to 
marked "For grinding"-area 
The person responsible for 
grinding notices this signal
He grinds profiles
A regrind-bag is weighed A small computer prints a sticker with information about regrind and UPC 
A bag is placed next to the scrap-room 
or straight to the storage if full
When more regrind is added to the same bag, 
it is done under the same UPC code but the 
balance is corrected
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important that most of the raw materials have the corresponding agreed G-codes. Only 
the letter in the beginning of the code should change if raw material is natural (no colour 
options) or already coloured. This forms a stronger and clearer link between the virgin 
raw material and the regrind. When printing a sticker, it is recommended that the ERP 
automatically adds regrind to balances, so that the production controller and the em-
ployees have real-time information. Without real-time information working and clever 
decision making inside a dynamic process becomes extremely difficult.   
It is important that made regrind flows efficiently because it ties up capital like any oth-
er raw material (and even more). This is why placing it in the tent should only be done 
if there is no space in the second floor storage and this would make its usage easier.  
Mainly there are enough grinders but if a solution for using coloured foam is found (this 
will be discussed later), then a grinder for them becomes topical. Also a small grinder 
for coloured PVC would help the work of the person responsible for grinding. This 
would also decrease the mental threshold to separate different colours because the big-
gest financial potential in PVC lies there and in the year 2014 over 15 000 kg of col-
oured PVC was unused. Recycling copper wires has also a huge financial potential be-
cause the difference between clean and unclean copper have double the difference in 
price. If manual recycling becomes too heavy for the employees, the acquisition of a 
machine should be considered.       
6.4.2 Scrap and Made Regrind 
Table 5 below shows two scenarios for reducing scrap percentage with data from 2015. 
Calculations are based on the data from the BI-program (from February-December).  
Table 5 Two scenarios for reducing scrap percentage, actual material scrap quantity 
[kg] and value [€] 
 
The actual scrap quantity and value is in column Actual. By using the same average kilo 
price (1.81 €/kg), it is easy to calculate what it would mean if scrap is reduced to level 
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7.50 % or 5.00 %. Reducing scrap percentage has a strong impact when it comes to re-
ducing material costs. The total impact is even bigger, because when the quantity of 
scrap reduces, also landfill costs and the lost value due to sold regrind reduce. A 3rd 
Scenario can be built based on Scenario 2, where all formed scrap is used as a regrind in 
the company’s own production;  
• Value of regrind: 0,7 * 144 627 € = 100 835 € 
• Lost value: 100 835 € - 144 627 € = -43 215 €  
This model is very rough. Only the value of the material, not other costs, have been tak-
en into account. But is a good indicator how big a positive change reducing scrap can 
cause. 
Increasing the use of regrind has good premises because there usually is no need for 
washing or cleaning and there are no mobilization costs when comparing to post-
consumer plastic waste. However, the purity of scrap is a demand (Hopewell et al. 
2009). Long profiles should not be dragged on the floor. Profiles used with copper wire 
should be separated from other wires and not let to drop on the floor if the run breaks. It 
would be also interesting to study with a microscope if copper left behind so much met-
al contamination that it would prevent the use of scrap as regrind. With copper profiles 
fortunately the new video camera used for quality control informs fast if dimensions are 
not acceptable. Furthermore copper wire can be separated from the profile when trim-
ming the extrusion run after a start or a problem.  
With rigid PVC the only way to reduce mixed-colour waste is separating. Plasticized 
PVC unit should work as a role model. To prevent small bags being placed everywhere 
in the warehouse, the simplest solution is to use marked trash containers (with UPC). 
Colours that are difficult to use, but able to be dyed black, could be collected into their 
own container but the primary target is to use each colour separately (ensure that not all 
regrind is not collected to a mixed colour-container just because it is easy). This re-
quires that all regrind placed in trash containers is high quality because otherwise all 
regrind in the trash container will be ruined. Because of the heat history of the materials 
is a major factor when determining recyclability and the quality of the regrind, profiles 
which are seemingly burned or defective should not be ground into regrind to ensure the 
highest quality. In addition to this, regrind should flow more efficiently so placing trash 
container inside would help that.  
Re-granulating of regrind at the internal supplier is a topic that was not studied due to 
its large scope and the physical distance. It would help to reduce the range in bulk den-
sity and enable the addition of new stabilizers and lubricants. This is a large area to 
study and many things should be considered, for example how much re-processing real-
ly would cost and whether the benefits are big enough.   
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6.4.3 The Use of Regrind 
A physical prerequisite for using regrind is the possibility to feed two materials. This 
should be available on every line. The second and the most important prerequisite is that 
the ratios of regrind are known and the use of regrind is as easy as the use of virgin raw 
materials singly. If using regrind is too complicated or causes problems during extrusion 
runs, most probably the employees will not use it and it is not profitable either if using 
regrind generates more scrap. The target is to make the use of regrind an automatic ac-
tion during extrusion runs (if enough regrind is available), even using it in small ratios 
and getting the extrusion output more consistent because one must always ensure that 
the quality is as expected by the customer.   
The range of materials and products is so large that finding best ratios of regrind and 
virgin material requires a project team with members from R&D (they have a deeper 
knowledge of the tools and materials), production officers (they know the boundary 
conditions of the production better) and most motivated and talented enough employees 
(practical experience). It is recommended that most of the activities are performed at the 
lowest possible level in the organization. The project team should exchange information 
with the sales to ensure that customer expectations are fulfilled. The project team’s in-
ternal customers are the employees from the production, so collecting feedback from 
them about processing and active information exchange with them is also essential. In 
view of product properties the customer is external. 
The project would start with determining the materials with highest financial potential 
and where the study should start (see Figure 25). After that a sample functional activity 
flowchart and written targets would help to ensure that project progression is easy to 
follow and happens effectively enough. It is important that every activity is highly spec-
ified as to content, sequence, timing and outcome. Test runs should be planned for every 
week in the Visual Planning & Production Follow-Up program (also work orders about 
required materials should be done to avoid distorted material balances). It is recom-
mended that test runs are done by an employee team member because it has a positive 
impact on the implementation of the regrind use and helps to achieve a learning organi-
zation where employees are able to solve problems themselves and improve their own 
work. (Spear & Bowen 1999.)  
Test runs have to be based on scientific methods, include proper documentation and be 
under good control. Test runs should be short to limit the generation of scrap and start 
with low ratios of regrind. The impact on the properties should be studied properly (see 
Chapter 3.7.5 Common problems when using recycled plastic). The person performing 
the test runs has a reporting responsibility to the rest of the team. The project team anal-
yses the results together and makes a decision whether the move to the next phase can 
be allowed. Here the studied regrind ratio could be tested in the product run to find out 
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if it works in longer runs. The presence of at least one group representative is required. 
Also the results from the real product run should be documented and analysed.  
After establishing a functional ratio to a certain product or material, the automation of 
the use of regrind starts. Everyone shall be made responsible for the use of regrind. 
(Mann 2010, p. 77.) One way of doing this, is to include the regrind (code, name and 
balance) to the work order under other required materials. If the balance of the regrind is 
bigger than required amount, there should be a clear pass mark (green box, a text: “Use 
regrind” or another visual signal). (Spear & Bowen 1999.) This is at the same time “a 
customer promise” that the regrind ratio marked to the work order is trouble-free. The 
shift leaders have the responsibility to monitor that the work order is being followed and 
on the other hand they should give support to employees in the beginning. The employ-
ees in the production are again “continuous sensors” and collecting feedback from them 
on pre-designed forms (online or paper form, see Appendix G) offer valuable infor-
mation for improvement purposes (Trade 1995, p. 8).  
At first, before the project team has got enough solutions, the best way to agree about 
the use of regrind is to decide together in weekly meetings, in which products regrind 
can be used (learned through practise). The person responsible, who writes down the 
use of regrind in work orders, has updated balances of each regrind type. The use of 
regrind has to be actively pursued and encouraged. And again, there have to be written 
ratios of regrind, which are always followed to ensure a uniform output from the extru-
sion process. (Spear & Bowen 1999.) This is sometimes done but should be done more 
often. 
With special products that cannot be used again because of tight property specifications 
(like a charging hose) should get a very high priority during a run to limit formation of 
scrap. High frequency of quality controls and using more human resources are some 
things that can be done. Also finding secondary products for regrind could be done to 
reduce scrap. Plaster made of biodegradable plastic and wood chips are examples of 
these products.       
Coloured foams which usually go to visible places and must have a good appearance, 
are more difficult to use as regrind than other plastics. This is also a tool- and line-
related issue. One solution to this is to design a product with a core of regrind and a 
surface layer of virgin material because plastics usually have an excellent chemical ad-
hesion to the same type of plastic. This offers a good looking surface but cheaper bulk 
price. In this area cooperation between sales, R&D and production is topical. Sales are 
responsible for identifying the customers’ desires and openness to receiving products 
made in this way. (Slack et al. 2001, p. 18.) On the other hand, green values are becom-
ing more and more substantive and recycling part of the value proposition (Wills 2009, 
p. xvi).     
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The use of regrind should become more visible. Visual control (for instance charts, sta-
tistics on info TVs) are a good way to connect employees to processes around scrap 
formation and use of regrind. This shall be done in terms of both kilo and euro because 
using kilos only is misleading. The further the responsibility of reducing scrap and us-
ing regrind can be appointed, the better (for instance at the line level). Reviewing the 
biggest scrap sources, root causes and corrective actions in weekly meetings is great, 
but the disadvantage is that no employees are taking part in weekly meetings. If this was 
done in a meeting with employees, the impact would be greater because then no one can 
hide from the truth. It could make people take more responsibility when they face the 
results of the work directly. Changing the employees’ set of values takes a long time, 
but is worth it because values are the biggest factor affecting human behaviour (Elo-
Pärssinen 2007, p. 47). The role of reward systems in motivating people is indistinct, 
but building a reward system that encourages employees to perform desired activities 
may underpin the operations and long term strategy (Laamanen 2002, p. 140).  
6.5 Information Flows  
The daily information flood is huge so separating relevant issues from irrelevant is topi-
cal also when it comes to reducing scrap. If the right information is not available in the 
right place at the right time, mistakes or problems are probable. Transparency and avail-
ability are two key factors. One boundary condition is that not all employees work at 
daytime when most of the decisions by managers are made. Other boundary conditions 
are the physical distance between the production level and other floors and distance 
between the internal supplier and the case company because these limit daily casual 
communication.  
When the amount of information increases, the risk that something will be forgotten 
grows. Especially shift leaders are in a critical role because they are the major messen-
gers to the production floor about the decisions made in upper floors. At the same time 
they have probably the most things to remember. As mentioned in few sections already, 
in bigger projects making a functional activity flowchart where responsibilities about 
activities are recorded could help to avoid grey areas. In the everyday communication 
within production the use software where agreed tasks (for a certain person) are written 
down and after performing signed off, could help to avoid forgetting or misunderstand-
ing. The employees themselves usually come up with the best solutions and the only 
requirements are that there is visual control that visualizes important decisions and 
show when an activity should be done, how, by whom and enable managers to focus on 
relevant things when it comes to discipline (Mann 2010, p. 53-74).  
According Lean-philosophy information should move upstream and this should also be 
considered when planning vertical information routes. Routine and simple information 
can be collected from downstream with the help of forms but more complex information 
requires bringing an employee from downstream to upstream to participate in a redesign 
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project (new products, necessary product changes, other new projects etc.). (Madison 
2005, p. 264-265.) This does not mean that all employees from the production should 
take part in meetings, but one suitable employee for each project would create a feeling 
about being important. When rules and decisions about daily production issues are made 
together, it is harder for employees to target their frustration at supervisors because they 
have an opportunity to influence. On the other hand, when problems are solved at the 
lowest possible level, this could lead to a learning organization which does not all the 
time need controlling from outside because people are able to make intelligent decisions 
by themselves (Spear & Bowen 1999).     
Horizontal information moves well in the organization but information exchange be-
tween shifts needs strengthening. Getting monetary compensation for the 15 minutes 
shift exchange would probably increase presence. Using for example a bonus which is 
paid for employee presence during shift changes, could be one solution but asking the 
employees themselves what they consider to be motivating is more recommended. The 
main thing is that they feel it is fair and encouraging.  
A good knowledge of the customers and the products would create good basis for pro-
ducing higher value to them and increase commitment. When people realize that the 
customers are paying their salaries, not the bosses, they too want to produce high quali-
ty products which meet the customer specifications. (Hammer & Champy 1993, p. 73-
73.) Sales people often visit the customers and bringing shift leaders sometimes along to 
meet with the customer, would be one way of increasing knowledge about the customer. 
Improving your own operations is not the only benefit because at same time you show 
that the customer is important to you and you want to give the best possible value to 
him/her. This might deepen the customer relationship and increase the relative customer 
satisfaction.   
6.6 Daily Managing and People  
Due to the manual nature of the current extrusion process, involving, motivating and 
committing employees is extremely important. They are the operators of the process and 
the performance of extrusion is largely dependent on their capabilities. They are also 
familiar with the previous processes; information management (work orders, product 
cards), R&D (they design products and ensure that all required parameters are available 
in production) and raw material production (produced material should fulfil the case 
company’s extrusion process needs) so listening to their feedback should be part of the 
development activities. (Trade 1995, p. 8.)  
Discipline and motivation are two important issues when it comes to the daily floor lev-
el management. The former needs some strengthening because the leader’s task is to 
ensure that every important task in the production will be completed and the work is 
divided equally (Laamanen 2002, p. 119-120). Visible controls (for instance made scrap 
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per line-charts) makes focusing on discipline easier so this area has a good basis to de-
velop (Mann 2010, p. 53-74). Motivation is one major factor in addition to competence 
when it comes to achieving high performance (Lawrence 2014). Motivating was consid-
ered to be sufficient and I observed the same. The only area where this could be done 
better is justifying as to why an employee’s idea was not implemented. By showing 
empathy, negative feelings about being ignored, could be possibly avoided. Negative 
memories can stay in mind for a long time, affect to the attitude and also the actions.    
Training and improving competence is a major factor when reducing scrap in extrusion 
because a good knowledge of the materials and equipment are a prerequisite to success-
ful product runs (Giles 2005, p. 251). Also because, after all, every extrusion machine is 
unique having practical experience in the production is at least as important as theoreti-
cal knowledge. Temporary employees are a good way to increase the flexibility of pro-
duction capability but they have also limitations due to the lack of practical experience 
of the process. Getting the good employees to commit is more recommended because 
even if their capability was partly unused, they can produce higher value with bigger 
output.  
Currently many things in the production are still learned through the method of trial and 
even though this is not the most recommended way to learn because sometimes lot of 
scrap is formed a good analysis was almost always done after a problem had occurred. It 
is positive, that the leaders actively investigate the root cause and put actions in place to 
prevent the same thing from happening again. The company delivered also good train-
ing. When teams were built, many courses for employees were held. This was a positive 
discovery. In the end of the research also training on measuring colour was organized 
after there had been difficulties with certain products.     
Due to the fact that there were very talented employees in production, whose labour 
input was high and valuable, the talent management comes topical. The desired skills 
and properties have to be tied to the closed-loop strategy in order to allow it to be effec-
tive (Lumme-Tuomala 2015). Giving the employees the possibility to grow and advance 
in their career is important in order to keep them satisfied and as part of the organiza-
tion. In relation to the closed-loop system they can be role models to other employees.  
The goal is that everyone working in the extrusion process becomes talented enough to 
be able to solve problems themselves and improve their own working environment 
(Spear and Bowen 1999). It is great that there is for instance one extrusion trimming 
person above the others, but this also makes the organization vulnerable. What happens 
if this person is not able /does not want to work anymore? Already now, when there are 
many difficult product-runs starting at the same time which can only be assembled and 
started by the most talented trimmer, product changes are delayed because not all runs 
can start at the same time. Decentralizing talent and keeping the most talented satisfied 
could be a good solution. The easiest solution is to hire very talented people but because 
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practical experience in the process is always needed, another solution is to find few ap-
prentices to work with talented employees. 
The reward systems have been mentioned a few times before, but overall if possible, 
they could turn even more from time-based to value-based. This is already partly true in 
the case company. People who create more value than expected could earn some extra 
and on the other hand people who do not want to give their best and who create less 
value than expected could get the basic salary. This would turn the organization’s value 
system from protective to productive. (Hammer & Champy 1993, p. 73.)  
6.7 Summary of Results 
When improving an organization and its physical flows towards a closed-loop system, 
in this case the plastic material flow, a few things are more important than others: thor-
ough knowledge of internal core processes through which materials flow, and support 
processes that maintain that flow. According to Figure 26 the results are classified into 
three categories: factors that eliminate the formation of scrap, factors that facilitate the 
use of regrind and other issues that facilitate the closed-loop system. The results are 
collected in Table 6. All recommended issues are based on making the process highly 
specified, making the connections within the process direct and fast and following sci-
entific methods. This was done because extrusion has so many variables that without 
systematic and organised operations it is impossible to achieve a closed-loop system.  
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Table 6 Research results: things that eliminate scrap, things that facilitate the use of 
regrind and issues that facilitate the closed-loop system 




Use of Regrind  
Things That Facilitate the 




Improving raw materials 




tion with difficult products, 
direct and standardized com-
munication channels, collect-





Reliable and real-time calcu-
lation of material consump-








atic and always followed 
extrusion conditions, iterat-
ing towards better ones, sys-
tematic and analytical trou-
bleshooting 
 
Up-to-date and unambiguous 
input information  about ex-
trusion conditions, fast and 
effective decision making, 




Determining all parameters 
before extrusion runs (test 
runs are more controlled) 
 
Involving employees in pro-
jects and test runs, in depth 
interaction between produc-





and clear Pass/Fail answers, 
measurable tolerances for 
colour, appearance and gloss 













and plastic types 
 
The Use of 
Regrind 
Ratios found by following 
scientific methods 
Automated use, 
“new profile X”, 
product with a 
regrind core 
A project team, making the 
use of regrind more visible 
also in the production, under-
standing of employees that 




Better vertical and between 
shifts information sharing 
 
Information should move 
more to upstream  
Managing 
& People 




Creating learning organization 
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The first improvement issue is to eliminate all factors that cause scrap. It has also the 
most significant financial effect and decreasing the scrap-percentage to 7.50 % from the 
current 10.06 %, means already over 70 000 € savings in material costs. When taking 
high waste taxes, poor returns from sold regrind and other direct and indirect costs to 
transform scrap to regrind (labour hours, energy, storage etc.) into account, it is clear 
that financial savings can be huge. Re-use of regrind can be difficult due to changes in 
MFI, different bulk-density than with pellets or powder and changes in mechanical 
properties. However, most thermoplastics can be recycled and used at least with low 
ratios. The use of regrind should be studied by following scientific methods to avoid 
extrusion problems and scrap caused by disorganized use. It also has to become more 
automated and the used ratios are recommended to be always the same. It is better to 
use regrind even with 5 % than not at all. Here also the role of employees is highlighted. 
It is possible to achieve a closed-loop system, but it takes effort from all departments. 




Recycling within the company is a potential way to affect material costs, especially in 
the extrusion process where material costs can cover half of the total product costs. At 
the same time changes in the legislative environment affect enterprise dramatically due 
to tightened enactments related to organic landfill waste. In this situation there are two 
options; acknowledge the changes and continue operations as before and pay a higher 
price for waste or turn changes into competitiveness. A closed-loop system is an out-
standing solution to respond to changes in the external environment. It improves the 
internal use of resources, optimizes cost structures, exploits green values and helps to 
give higher value to customers. It is a strategy which requires a long-term commitment 
and participation from the entire organization. Before starting, a thorough knowledge of 
the value chain is required. Every material and information flow has to be sorted out 
from an overall level to a detailed level. Because the aim is to reduce waste-output and 
return formed scrap-output back to valuable input, also the concept of processes be-
comes topical. Without having a knowledge or control about own core and support pro-
cesses improving comes impossible.   
7.1 Research Process 
The aim of the research was to find partly hidden and indirect sources of scrap, things 
that affect the use of regrind and plan new approaches that enable the improvement of 
the extrusion process towards a closed-loop system. All approaches should follow Lean-
philosophy because it has already been introduced in the case company a few years ago. 
It also has a strong connection to the process-orientated nature of the extrusion and the 
closed-loop system. The research was mostly qualitative because the quantitative infor-
mation was too limited.  
In the beginning of the research the knowledge of internal operations, value chain or 
anything that affects the formation of scrap or the use of regrind were unknown to the 
researcher. This is why the research problems had to be solved step by step. At first the 
overall picture of the company and the main operations was gained through participant 
and non-participant observation, work in the production and finding numerical input 
and output of the extrusion process (in September). When working in the production the 
goal was to look at the process from “inside” with an employee’s eyes. According to 
Lean-philosophy information should move upstream so this method followed Lean 
principles. The numerical input and output data from the ERP and BI-reports gave in-
formation about the efficiency of the process, made waste, made regrind and used re-
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grind. It told about the extent of the research problem. Observations continued during 
the research and were documented in a note book and some photographs were also tak-
en. The BI- and ERP-programs were used to follow made and used regrind, scrap per 
item and scrap per tool figures. This information was documented in Excel files and if 
something unusual was noted, it was noted, solved, analysed and documented in the 
note book. 
After establishing a rough picture about the research environment, the interviews started 
(from October to the beginning of November) in order to discover areas where attention 
should be paid to. The chosen interview method was theme interview because it was not 
always clear what forms scrap and affects the use of regrind. Interviews were recorded 
(bar one), transcribed and analysed. The preliminary topics in Chapter 5 are the result of 
the interviews. A visit to the internal supplier also took place in October. The results 
were analysed with the help of the literature and comparisons to the own observations 
(in November). The topics about the current state were established after the discovered 
development areas were accepted in the Executive Committee meeting in the middle of 
December. After that the search for solutions and recommendations started as to how 
the closed-loop state could be achieved (Chapter 6 in December and January). This was 
done by comparing all the collected information to the literature about processes, Lean-
philosophy and extrusion. Ideally, at some future stage, no landfill or combustible plas-
tic waste is formed, all scrap (no more than planned) is transformed to regrind and all 
regrind is used efficiently and fast. All operations would be controlled, communication 
channels would be direct and improvements would be done according to scientific 
methods.    
Literature was used from the beginning until the end of the research. With the help of 
literature it was found out what a closed-loop system requires, what successful extrusion 
with low scrap level requires and how plastic can be recycled inside the factory. Re-use 
of regrind was studied only with the help of literature and previous studies. Literature 
about extrusion was important because the aim is to assemble a closed-loop system in 
the case process.  Operating with low scrap level requires also thorough knowledge of 
extrusion equipment, materials and their relationship to each other.   
7.2 Research Results 
It was found out that the extrusion process is challenging due to its continuous nature, 
many variables and susceptibility to equipment or material related problems. Successful 
operations require highly specified methods and in order to keep high quality output 
consistent, the extrusion conditions should be studied by following scientific methods in 
every run (before better methods have been discovered). Restricting the formation of 
scrap in the process requires that all sources of extrusion problems and undesired varia-
bles have been discovered. Determining the optimal situation does not limit to equip-
ment and material related suggestions. Due to the manual nature of the extrusion pro-
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cess its performance is largely dependent on the performance of the operators. This 
makes systematic methods primary when trying to achieve successful extrusion opera-
tions and a closed-loop system. 
In addition to the primary target, reducing scrap by keeping the process under control, 
the secondary target was to increase the share of recycled plastic. It was found out that 
pre-consumer plastic waste has good properties for a mechanical recycling due to its 
high purity and non-existent mobilization and separation costs. Most thermoplastics 
have a high potential to be mechanically recycled and at least, when used in low ratios, 
extrusion problems can be mostly avoided. But, as when processing virgin materials, 
also the use of regrind has to be highly scripted, systematic and studied under control. In 
addition to the study of processing conditions, studies about the impact on properties are 
recommended due to the re-processing impact on rheological, morphological, thermal 
and mechanical properties. The most common problems, when using recycled plastics, 
are formation of micro cracks, changes in colour, surface defects, changes in MFI, wid-
ening of the molecular weight ratio, ageing which leads to weight reduction and brittle 
behaviour. The recommended ratio of regrind depends on the desired properties.          
The research covered raw material purchase, inventory and material management, ex-
trusion production process, recycling inside the factory, information flows and daily 
management and people. The main observed problem was that there were not enough 
systematic and organized approaches. Also documentation, control of the process and 
iterating towards optimal extrusion conditions need fine-tuning. Without proper docu-
mentation, process improvements become impossible. Grey areas, firefighting and other 
symptoms of broken processes showed that the process needs improving before it is 
possible to achieve a closed-loop system.  
It was found out that due to a raw material is input to extrusion process, it has to be in-
tegrated to the process and a closed-loop strategy. Inventory and material management 
ensure that all required materials (input) are available when they are needed because 
without them the process will not run or it will break between the runs (new start-up and 
trimming scrap). Information flows are also in a major role because without the right 
information in the right place and at the right time, the desired product with high quality 
and planned features cannot be produced (products out of specifications are classified as 
scrap). The Lean-strategy was considered to be a valuable theory when observing the 
current process and outlining recommendations, because it has the same goal with the 
closed-loop system (eliminating waste and maintaining flow), it has a process-orientated 
nature and the Group had already implemented it a few years ago (recommendations 
have to comply with Lean-strategy).   
The given recommendations for each area focus on how to reduce factors that act as a 
source of scrap and on the other hand, what approaches are required for turning scrap 
into high quality regrind and using it as effectively as possible. Recommendations (Ap-
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pendix H) are classified into categories mainly based on processes and also responsibili-
ties of each process are named. Still, a closed-loop system is not a project that covers 
just a part of the organization. It requires abandoning the traditional task-orientated 
functional organization (because none of the functions can themselves achieve organiza-
tional goals) and integration and cooperation of the whole organization.  
The research about functional regrind ratios in each product is a large area to study. This 
is recommended also to be a starting point for the future developments. Forming a pro-
ject team and cooperation between production officers, employees and R&D is suggest-
ed in order to achieve scientific results that work in practise. Here, as in every other 
development area, collecting feedback from the employees is important. The product 
improvement and changes should be done at the lowest possible level. However, leaders 
have the responsibility to implement control methods and approaches.  
Overall, I see a lot work ahead but also a huge potential because of eagerness to develop 
and an open-minded atmosphere. Admitting that you have your own development areas 
is the first step on the way towards the perfection.  
7.3 Discussion of the Results 
Due to the mostly qualitative nature of the research, the reliability depends strongly on 
the objectivity of the researcher and the ability to filter emotions, attitudes and values 
out of the interviews. An attempt was made to do the research objectively and without 
taking anyone’s side but already the place for writing in the officers’ room led to a sit-
uation where I was more in their environment than at the production floor level. That 
also affects the reliability of the results. There is also a risk of having forgotten to note 
some significant issues in the interviews that would have been important to take into 
account. It can also affect the reliability of research if something has been given too 
much importance and something else has been overlooked. 
Stability of the research is poor. Every day is different in the production and extrusion 
runs differ from each other a lot, which makes it difficult to find the optimal conditions. 
Product changes are normal, raw materials may change and customers may change their 
specifications. In a subcontracting environment this is normal but if the research would 
be done a year later, the results would be different. It is also impossible to forecast if 
there are some important things in the future (difficult products, material changes etc.) 
that should be taken into account. For this reason the results should be implemented 
with consideration of possible changes in the environment. Results may be also being 
short-lived. However, some rules, like the four Lean-rules by Spear and Bowen, are 
applicable to many environments. 
Consistency depends strongly on who we ask about the research problem. Different de-
partments may see the problem about scrap and regrind very differently. Because of this 
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the interviews were completed with more than one party. Analysing observations, such 
as the discussions, was a balancing act but there is a risk that some party have got too 
much attention during the analysis. In order to be consistent it should be considered that 
measuring scrap or used regrind per line is not a fair method because engineering plas-
tics are much more difficult to produce than some other lines. Also the amount of start-
ups and lengths of extrusion runs strongly affect the amount of formed scrap. This is 
why the amount of formed scrap should be done per set line and be compared to its pre-
vious state, not to the numbers of other lines.  
Validity depends largely on the theme interviews. The theme interviews pointed out 
topics what to pay attention to and also provided topics for Chapter 5 and 6. It can be 
concluded that the validity of the research was good because when the factors that cause 
scrap or affect the use of regrind were presented in the Executive Committee meeting, 
they accepted them. They also revealed that some of the issues were noticed before but 
the research highlighted their importance. Theme interviews were not highly structured 
which affected the validity in a positive way. People were also able to say things that 
were not included in the direct questions.  
The reliability of the literature was somewhat affected by narrow extent of publications 
about recycling inside companies. It was also difficult to find literature about a closed-
loop system in the enterprise field. Many more studies were done about environmental 
issues, sustainable development and post-consumer waste. Previous studies show partly 
opposite results about changes in plastics during recycling and re-processing. Used plas-
tic raw materials also differ from each other a lot which affects the applicability and 
reliability when talking about raw materials in the case company. It is recommended to 
do tests on each plastic raw material to be sure about changes in a certain material type. 
Also exact regrind ratios are not directly available in the literature and should be tested.  
Possible sources of errors in quantitative areas come from human error and limited 
available data from the BI-program and ERP. That is the reason why some calculations 
are based on data from the year 2014 and some on data from the year 2015. The out-
lined scenarios are very rough, only directive and should be treated with caution.  
The research did not cover all the issues that I would have liked to. During it many un-
expected things arose which would have needed more study. These include the possibil-
ity of making products with a regrind core and a virgin material surface, re-
compounding at the internal supplier and solving exact regrind ratios for each of the 
main products. These should be studied further in the future because especially products 
with a regrind core but a virgin material surface could have a huge financial potential. 
Solving exact regrind ratios is an extremely important area of study and should start 
immediately in addition to eliminating factors. However, the research time was relative-
ly short for getting deeper into these topics and they are only mentioned as interesting 
areas for study in the future.   
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APPENDIX A: POTENTIAL CAUSES AND CORRECTIVE AC-
TIONS TO COMMON MECHANICAL EXTRUSION PROBLEMS 
ACCORDING TO GILES ET AL. (2005) 
Appendix A Table 1 Potential causes and corrective actions to common mechanical 








Motor field voltage turned off Check breakers 
Barrel temperatures too cold Check temperatures and raise if necessary 
Gear box oil pump not on Turn on 
Water cooling to gear box off Turn on 
Foreign material in the feed throat Clean feed throat 
Torque coupler in twin screw extruder 
disengaged 
Reengage torque coupler and turn extruder 
screw on 
Extruder exceeds load limit Reengage torque coupler  Reset circuit breakers 
2. DC Motor 
will not start  
Low armature voltage Check nameplate on motor to ensure proper 
motor voltage 
Weak field Check for resistance in armature circuit 
Open circuit in armature field Check for open circuit 
Worn brushes Replace brushes 




Something prevents the extruder screw from 
turning 
Belt squeal 
Motor and gearbox shafts are not parallel to 
each other 
Belts are not a matching set 
Belts are not properly tensioned 
Incorrect number of belts for the motor Hp 
Thrust bearing failure Replace thrust bearing 





Sudden major contamination blocks 
screen pack Change screens 
Die or adapter too cold Heat die or adapter 
Wrong rating on rupture disk Install higher pressure rated rupture disk 




Screw, barrel and drive alignment Borescope extruder to ensure proper align-
ment  
Straightness of screw and barrel Verify screw and barrel are straight 
Material being processed (including 
additives) 
Use proper screw and barrel materials for 
abrasive ingredients 
Use proper screw and barrel materials for 
corrosive formulation 
Incompatibility of screw surface and 
barrel liner 
Verify screw and barrel materials are both 
compatible to prevent adhesive wear 
Improper support of barrel Ensure adequate barrel support that is proper-ly aligned 
Excessive loads on barrel discharge Ensure die is properly supported and not just 
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hung on the end of the barrel 
Screw design Run the correct screw design for the material being processed 
6. Screw 
turns but no 
material or 
limited mate-
rial exits the 
die 
Feed throat plugged or bridged Remove plug to create material flow 
No resin in feed hopper Fill feed hopper 
Plug of polymer stuck on root of screw 
channel 
Force rod of same material into extruder 
Feed chunks of same material into extruder  
Shut down extruder dean barrel and screw 
Raise temperature while turning screw at low 
rpm – If plug is degraded this may make the 
situation worse 
Feed throat cooling not working Verify water is circulating around feed throat 
Zone 1 temperature too high Lower temperature in the first zone 
Wrong screw design Change screw 




Back pressure too high – Back pressure 
control shuts line down 
Change screen pack 
Blockage in die 
Melt temperature too low 
Die or adapter temperature too low 
Gear box temperature too high Cool gear box 
Motor or drive problems  Check electrical breakers 
Screw locked up Determine if something is caught in the feed throat 
Extruder drive pulling too many amps  
Melt temperature too low 
Back pressure too high – Slow down extruder, 
change screens 
Wrong screw design 
8. Melt flows 
out of barrel 
vent 
Back pressure too high  Change or remove screens 
Wrong screw design  
Change screw with single screw extruder 
Modify screw design with twin screw extrud-
er 





Breaker plate not properly seated Reposition breaker plate 
Damaged breaker plate 
Machine breaker plate surface to make it 
smooth  
Replace breaker plate 
Screens plugged back pressure too high Change screen pack 
Bolts on die head not tightened proper-
ly 
Tighten bolts after heating to operating tem-
perature 
Breaker plate slide not moved all the 
way across Reposition breaker plate slide 
10. Extruder 
throughput 
rate is lower 
than ex-
pected 
Screw or feed throat partially blocked  Clean feed area of blockage 
Wrong polymer grade Change polymer 
Die/barrel temperature too low Raise temperatures 
Screw starve fed Increase feed rate 
Wrong screw design Change screw 
Worn screw Measure screw dimensions – Replace if worn 
Screens blocked Change screens 
Die needs adjustment  Adjust die opening 
Screw needs cleaning Clean screw 
Drive belts slipping Tighten or change belts 




Barrel zones set too low Raise set point temperature Raise set point temperature in previous zones 
Feed section is over-feeding  Slow screw speed in flood fed extruder Lower feed rate in starve fed extruder 
Transition section is too short Use screw with longer transition section 
Screw is worn Replace screw 
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Mixing section is too tight 
Use screw with different mixing section or 
screw with more clearance between barrel and 
mixing section  






Barrel temperatures not controlling 
properly 
Check barrel controllers, verify they are 
working properly 
May need to replace screw 
Poor die design Change die design 
Worn screw or barrel Replace screw or barrel lining 
Die/barrel temperature fluctuations Verify temperature controllers and cooling are 
working properly 




Temperature too low Raise barrel temperatures 
Back pressure too low Add screens 
Improper screw or design Change screw or modify design to provide the 
required distributive or dispersive mixing 





Screen pack contamination Change screen pack 
Extruder is coming to equilibrium Make sure system is at equilibrium before 
collecting product 








APPENDIX B: POTENTIAL CAUSES AND CORRECTIVE AC-
TIONS TO COMMON EXTRUSION PRODUCT PROBLEMS AC-
CORDING TO GILES ET AL. (2005) 
Appendix B Table 1 Potential causes and corrective actions to common extrusion 




Potential cause Corrective action 
1. Product 
surging 
Barrel temperature too low causing 
unmelted resin too far forward in 
the metering zone 
Increase barrel temperature in transition and 
metering zones 
Screen pack unsuitable Change screen pack 
Insufficient resin supply with starve 
fed extruder Increase feed rate 
Partially bridged feed throat Clean feed throat 
Irregular feed 
Slippery additive - Starve or crammer feed 
Sticky additives - Starve or crammer feed 
Plugged screw channel - Change temperature 
profile 
Excessive fillers without enough polymer for 
fluxing - Change ratio 
Poor polymer quality Change polymer 





Energy being put into the plastic 
has changed over time  
Verify melt temperatures and pressures are 
correct 
Verify extruder temperature controls are cy-
cling properly 
Check environment factors - Cold air flow 
Colder raw material 
Molecular weight of the polymer 
has changed 
Check raw materials 
Increased regrind level 




Feed problems due to sticky mate-
rial Add small amount of talc 
Variation in plastic raw material Check raw materials 
Combination of cyclic problems  - 
Screw speed, pressure, temperature, 
etc.  
Monitor all processing conditions 
4. Streaks in 
extruder 
caused by poor 
mixing 
Variation in product consistency 
Generate more mixing 
Raise barrel temperature 
Raise die head pressure 
Change screw for more mixing 
Streaks appear during run 
Raw material variation  
Colourant variation 
Change in plastic viscosity 
Screw damage 
Screw or die needs cleaning 
Unsuitable die 
Determine if problem caused by die 
Die not assembled properly 
Die requires adjustment 
5. Variation in 
product 
strength  
Change in molecular orientation - 
Orientation in flow direction - 
Strength increases in flow direction 
Reduce take-up speed 
Reduce draw ratio 
Slow cooling rate 
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decreases in transverse direction Reduce flow rate in die 
Resin degradation - Strength de-
creases in all directions  
Lower melt temperatures 
Lower barrel temperatures 
Reduce shear heating - Change screw design 
Shorten residence time 
Change in crystal size - Smaller 
crystals produce tougher parts 
Cool more quickly to reduce crystal size 






Specks, Loss of 
properties 
Plastic temperature too high 
Lower die/barrel temperatures 
Change screw design  
Change screw speed to generate less heat 
Exposed to high temperature too 
long 
Reduce residence time 
Ensure no dead spaces exist in die or transition 
pipes 
Polymer reacts with other polymer 
or additives 
Replace with other additives 
Verify polymers in formulation do not react 





Unsuitable grade of polymer or 
poor polymer quality 
Change polymer 
Reduce regrind 
Add thermal stabilizer to plastic 
7. Dull streaks 
Uneven plastic melt temperature 
Increase barrel temperature 
Increase extruder head pressure 
Verify cold spots are not present in the die 
Non-uniform plastic cooling Check and correct die for hot or cold spots  Check uniformity of cooling after die 
Raw material variations Formulation contamination Verify MFI of the resin is unchanged 





Surface defect in die Machine die surface 
Carbon build up on die lip Clean die 
Residue from blown screen pack Clean die 
Sizing device Determine origin of line and correct 
Take up unit Remove interference causing scratch 
9. Colour con-
tamination 
Extruder and die not properly 
purged from last material  Clean extruder and die 
Extruder blender or hopper not 
completely cleaned Remove contamination 
Transfer lines not cleaned Clean lines 
Inadequate premixing or feeding of 
colours 
Remix original batch 
Check feed rate 




Increase rear barrel temperature 
Increase restriction in screen pack 
Use vented extruder 
Increase plastic melt temperature 
Degradation of resin or additives Lower melt temperature 
Resin contamination Hole generated by previous resin or additive - Purge extruder and die 
Vacuum void 
Cool profile slower 
Redesign extruded shape to minimize thick 
sections 
Moisture Pre-dry material Use vented extruder 
11. Gels or 
“fisheyes” 
Polymer crosslinking in the die Streamline die to prevent stagnation 
High molecular weight material Raise melt temperature Increase screen pack mesh to filter out 
12. Gauge Poor melt mixing Improve mixing 
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variations Screen pack unevenly plugged Replace screen pack 
Burned-out heaters in screen 
changer, adapter, or die Replace heaters 
Heaters loose on adapter or die Tighten heaters 
13. Weld line 
Polymer flow divided in die and not 
completely recombined 
Increase molecular entanglement - Raise barrel 
temperature, extruder pressure and/or die tem-
perature 
Increase length of flow path (extend die lips) to 
provide more time for molecular entanglement  
Increase pressure on molecules forcing them 
together, increase restriction in die past flow 
divider 
Mix plastics after divider - After die design  
Change plastic - Easier flowing, lower molecu-
lar weight 
Remove foreign material or contamination from the die 
14. Weak film 
or coating 
Melt temperature too high Lower melt temperature 
Wrong resin or blend Check if using correct material  




APPENDIX C: POTENTIAL CAUSES AND CORRECTIVE AC-
TIONS TO COMMON PIPE AND PROFILE PROBLEMS ACCORD-
ING TO GILES ET AL. (2005) 
Appendix C Table 1 Potential causes and corrective actions to common pipe and pro-










Improper die gap opening 
Wall thickness high, decrease die gap opening  
Wall thickness low, increase die gap opening 
Pipe/tubing ensure die bushing in centred on mandrel 
Improper operation condi-
tions 
Verify puller speed is correct 
Verify screw speed is properly set 
Check extruder temperature, die and adapter set points 
Profile slippage at caterpil-
lar 
Check pulling force 






Melt temperature too low 
Increase set point temperatures in the last 2 zones, die and 
adapter 
Pulsating or non-uniform 
draw  
Slippage is occurring in the caterpillar - verify correct pres-
sure is being used and profile is dry 














Unbalanced die flow 
Ensure taper prior to the die land area is the same providing 
uniform pressure 
Modify die land length 
Change die gap dimensions 
Dirty or contaminated die 
Purge foreign material from die 




Verify heaters and thermocouples are functioning properly 
Tighten any loose heater bands 
Check set point temperatures 
Insulate die 








Appendix D Figure 1 Made and used regrind in the year 2014 and 2015 
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APPENDIX E: EXAMPLE PROTOCOL OF UPC SYSTEM 
 




Reading UPC of 
a pallet place and 
UPC of a bag
(and adding the 
amount to the 
program) → the 
link is formed 
between the 
pallet place and 
the raw 
material bag
The raw material 
is needed...
From the pallet 
place with UPC 
is reduced the 
needed amount 
of raw materials 
(in the program) 
→ link between 
the pallet place 
and the raw 
material bag 
breaks
The raw material 
is transported to 
the pick-up area 




is transported to 
the line in the 
taped area
The raw material
is transported to 
the pick-up area 




The raw material 
is not needed 
anymore...
The raw material 




Reading UPC of 
a pallet place and 
UPC of a bag, 
and writing the 
amount of raw 
material [kg] →
the link is 
formed between 
the pallet place 
and the raw 
material bag 
An employee 










APPENDIX F: EXAMPLE OF A PRE-DESIGNED REPORT ON 
OBSERVED RAW MATERIAL RELATED PROBLEMS 
Date:      Name:  
Line:       Product number:    
Material code:    Production date (and batch) of material:  
Screw turns:      Screw loading: 
Screw design:      
Used zone temperatures: 
Used tools, mixers, a breaker plate etc.: 
Calibrating:  
The amount of regrind (%): 
The amount of colour (%): 
Drying time and temperature: 
Are set conditions same as in the product card (if not, describe why)?   
Was there something visibly unusual in the raw material? 
What were the symptoms of the extrusion problems (in the profile, melt flow etc.)? 
What were the corrective actions?  
Is there something else to be taken into account? 
Required attachments: a photo of the symptoms of the problem & a sample of the 
raw material  
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APPENDIX G: EXAMPLE OF PRE-DESIGNED REPORT ON THE 
USE OF REGRIND  
Date:      Name:  
Line:       Product number:    
Virgin material code: Production date (and batch) of virgin mate-
rial: 
Regrind code:     Grinding date and name: 
Screw turns:      Screw loading: 
Screw design:      
Used zone temperatures: 
Used tools, mixers, a breaker plate etc.: 
Calibrating:  
The amount of virgin material (%): 
The amount of regrind (%): 
The amount of colour (%): 
Drying time and temperature: 
Are set conditions same as in the product card (if not, describe why)?   
Was the appearance of regrind correct? 
Was the melt flow of mix (regrind and virgin raw material) or regrind (if used singly) 
correct? 
What were the symptoms of possible extrusion problems (in the profile, melt flow etc.)? 
What were the corrective actions (if there were any problems)?  
Is there something else to be taken into account? 
Required attachments: A sample of the product and if there were significant prob-
lems also a sample of the problem area 
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APPENDIX H: RECOMMENDATIONS FOR OBSERVED ISSUES 
Appendix H Table 1 Recommendations for observed issues 






supplier and  
responsibility 






In relation to recycling good integration 
between the internal supplier and the case 
company is required 
Input for extrusion process (raw material 
from the internal supplier) has to be recy-
cled and reprocessed → Recyclability 
could be one criterion when new raw mate-
rial is designed  
Certain products had such tight specifica-
tions that it was hard to fulfil them, at the 
same time a raw material was in a major 
role  
More active cooperation, planning, docu-
mentation and analysis from the beginning 
of the project → Common rules and a plan 
with the customer and the value chain how 
the goal is going to be achieved and how 
the performance is measured 
Faster problem solving with tricky raw 
materials (like brown foam PVC) which 
also generate scrap more than planned 
Proper documentation of the mentioned 
problems, making a written plan with 
shared responsibilities and deadlines for 
each activity (for example with a function-
al-activity flowchart) 
Some employees found that raw materials 
are partly heterogeneous, which compli-
cates the extrusion process and generates 
scrap  
Employees in the extrusion process are 
customers of the raw material supply pro-
cess → Collecting feedback directly from 
the employees (pre-designed forms etc.) 
and improving the process if necessary 
Reclamation procedures were not system-
atic and comprehensive enough 
Written and mutually agreed approaches; 
Collecting feedback directly from the 
source, taking samples or at least photos 
each time → For instance pre-designed  
paper/online forms and required appen-
dices   
In the case where an employee noticed a 
shortage of raw material, the message 
chain was relatively long (employee-shift 
leader-production planner-internal suppli-
er) 
By using agreed and standardized software 
employee is able to inform a production 
planner and the internal supplier straight 
after a shortage is noted (also in the even-
ing and night shift) 
Raw material tests were partly done after 
transmission. If something unusual was 
noted, the information came too late 
Clarifying the supplier-customer relation-
ship; In principle, only the primary raw 
material needed should be sent , However, 
it can be agreed together what the products 
are where secondary raw materials can be 







There was no exact real-time (online) 
information about where a certain raw 
material bag is → As a consequence raw 
material bags were sometimes missing 
UPC for each bag, pallet places (or at least 
shelf rows) and other areas → A clear link 
between the raw material and its location, 
Real-time information where certain mate-
rial is located 













organized and it is not easy to collect 
materials from there, “A mental landfill 
for regrind” 
(the space in the second floor storage is 
limited), Keep things flowing 
Some employees felt that internal logis-
tics are insufficiently covered (too much 
to do in addition to extrusion processing) 
Sharing part of the internal logistics work 
with less talented extrusion trimmers and 
letting more talented employees to focus on 
the lines (less scrap with quicker fixes) - 
This is already partly done 
Calculation of actual material consump-
tion based on metre weights (and scrap) 
but it is not fully accurate (not enough 
measuring points in the arithmetic aver-
age) and it updates relatively late 
Measuring devices integrated to extrusion 
machines → Exact consumption in the end 
of the run, The person responsible for the 
material could monitor consumption during 
long runs and warn the production planner 








ment, R&D,  
 
Chapters 
5.4.1-5.4.2 &  
6.3.1-6.3.2 
Overall; Learning through trial and error  Overall; Activities should be completed 
more in accordance with scientific methods 
Work orders are pre-printed and material 
balances in the work orders are outdated 
Work-orders should be printed just before a 
run starts (according to the Visual Planning 
& Production Follow-Up programs) and 
employees should get more IT training 
Product cards were partly confusing 
(many versions in the same folder), out-
dated and difficult to read 
Also product cards should be printable with 
work orders (for instance as an attached 
appendix to the work order) → Always the 
latest version is printed   
Work orders did not include all infor-
mation about required packing materials 
→ There were no ERP-codes for some 
tapes and films (order was relying on 
verbal information) 
Work orders should include all materials 
and amounts required to perform a certain 
product run, All packing materials should 
also have their own ERP-code to help or-
dering  
There was no strictly controlled protocol 
in place for start-ups; Some employees 
did it with less scrap but not all  
There should be a protocol that all possible 
steps are taken before materials are fed to 
the extruder  
Used extrusion conditions vary and de-
pend on the operator, Not all of the poten-
tial of the available integrated computers 
was used  
There should be set temperature programs 
(which all should always be followed) in 
computers in the lines, where possible. 
Also other conditions should be standard-
ized → Automated or manual collection of 
extrusion conditions and iterating towards 
the optimum  
Pressure in the production led often to 
rushed work → This often led to mis-
takes, problems and increased pressure 
Even in the case of pressure, calm down 
and follow procedures to avoid mistakes 
and prolonged lead times   
If a more complex problem occurred 
which could not be solved by one or two 
people, decisions and responsibilities 
were sometimes left up in the air → Prob-
lem solving took too long 
Making a functional activity flowchart; 
Who is responsible for each activity? What 
is the deadline for each activity? → Fol-
lowing the progress of the project becomes 
easier  
Troubleshooting was sometimes “let’s try Turning from doing things blindfolded to 
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and look what happens” → Without con-
trolled process changes generation of 
waste is possible 
making changes according to analytical 
scientific methods, troubleshooting tables 
and using the Socrates method of iterative 
questioning and problem solving 
In some interviews it came across that the 
process of introducing new products was 
partly followed with a “Over-the-wall”-
mentality (there was a large deviation 
between interviewees) 
A dynamic limit between new and estab-
lished product → If product shows prob-
lems during first test runs, cooperation with 
R&D 
Some people felt that they were not pre-
pared early enough for first production 
runs 
If possible, involving employees already in 
the design phase → Better commitment, 
exchange of important information and 
maybe new issues that should be taken care 
of (practical experience) 
Important parameters were missing too 
often before first production runs → Frus-
tration among employees, scrap  
Determining important parameters under 
controlled test runs can also shorten total 
lead time because you do not have to work 
hastily if a problem occurs (leads probably 
to new problems and increased pressure) 
Not all employees participated actively in 
test runs  











New employees were not always properly 
trained for quality control and main oper-
ations → Quality control becomes diffi-
cult if you do not know the product 
Good trained of all core tasks in the extru-
sion line and of all the things to pay atten-
tion to during production and quality con-
trol 
Some quality meters were too generic 
such as  “good surface” 
All meters should be measurable and every 
question should have a direct pass/fail 
answer → Tolerances for colour and gloss 
if needed, Pass/Fail answers   
Walking back and forth in the line and 
monitoring several lines at the same time 
makes active quality control difficult 
Team work; Packers in the end of the line 
could be continuously on guard→ Inform if 









5.4.4 & 6.3.4 
A great basic maintenance program was 
created for each line but it was not always 
followed actively, For instance clean 
tools have been shown to reduce scrap 
and shorten running-in time 










Handling of scrap was mostly satisfactory 
but long profiles should not be trailed on 
the floor → Contaminations like dust may 
decrease the quality of regrind 
Cutting long profiles into small pieces to 
avoid trailing on the floor and contamina-
tions 
Coloured regrind should not be mixed! → 
Mixed colour regrind is currently difficult 
to use, Sold to an external company 
Separation of colours and placing for in-
stance in trash containers like with PVC-P  








was a grey area → Ratios were mostly 
found through trial methods, Shift leaders 
had also done some studies but this took 
time away from daily management duties 
see the Chapter 6.4.3 
Coloured foam profiles cannot be used 
mostly because of the tight appearance 
specifications 
Finding “a green product” which consists 
of a regrind core and a virgin material 
surface? 
The use of regrind was not emphasized 
enough, Monitoring of regrind is not 
visible enough to employees  
Using visual controls (charts and calcula-
tions on info TVs etc.) for demonstrating 
the significance of the generation of scrap 
and the use of regrind (€,kg)→ Connecting 
people to the recycling process, Making 
people aware of the importance and their 
role → No one can hide from the truth   
The role of  a reward system as a motiva-
tor is unclear and has been tried without 
success, Still at the moment there is no 
motivator 









Some employees felt that they are not 
informed enough, Vertical information 
partly breaks in the floor level 
Involving employees more in changes and 
projects, improvements to be made at the 
lowest possible level 
Some interviews and discussions revealed 
that employees would like to be heard 
more and affect the operations they face 
daily  
Involving employees more in changes and 
projects, improvements to be made at the 
lowest possible level, Collecting routine 
and simple information on forms 
Daily information flood is huge → Some-
times decisions made are forgotten 
Writing down decisions and plans made 
and using for instance software for that  
purpose (with monitor in the production) 
→ Next small and bigger projects would 
become easier 
Information exchange between shifts is 
critical but is done outside working time 
and not everybody comes in early enough  
A system that employees feel to be fair, 
For instance “a presence-extra”  
Most people in production would like to 
know more about customers and prod-
ucts, Some felt the customer knowledge is 
insufficient 
Taking shift leaders to customer visits → 
Creating better value to the customer, Cre-
ating commitment and the feel that the 












Employees felt that the discipline was 
insufficient; Work was not always evenly 
spread 
Paying attention to this more in the future 
There were very talented people in the 
production who could be given bigger 
responsibilities  
Talent management but at the same time 
take care of that all employees have a pos-
sibility to progress 
Production work is heavy but human 
errors are possible sources of scrap 
Implementing procedures that are easy to 
follow also in the night shift, Listening to 
production employees feelings regularly  
Reward systems were not considered to 
be fully motivating 
Turning reward systems from time-based 
to value-based 
 
